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Safe! Safe against wear and tear! Makers of tire treads, shoe soles and 
other rubber articles that must withstand severe abrasion, find that Philblack * 
O combines strong reinforcing qualities with good processing characteristics. 

The proper Philblack can help you achieve better quality product, speedier 
processing, easier plant operation, and often lower over-all costs. Phone and 
ask your Phillips technical representative to call. *A trademark 


LET ALL THE PHILBLACKS WORK FOR YOU! 


Philblack A, Fast Extrusion Furnace Black. Excellent tubing, molding, calen- 
dering, finish! Mixes easily. Disperses heat. Non-staining. 


Philblack 0, High Abrasion Furnace Black. For long, durable life. Good 
conductivity. Excellent flex life and hot tensile. Easy processing. 


Philblack |, Intermediate Super Abrasion Furnace Black. Superior abrasion. 


More tread miles at moderate cost. 


Philblack E, Super Abrasion Furnace Black. Toughest black yet! Extreme 
resistance to abrasion. 


PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Sales Div., 318 Water St., Akron 8, Ohie 
Sales Offices: Akron, Chicago, Dallas, Providence and Trenton 
West Coast: Harwick Standard Chemical Company, Los Angeles, California 


Export Sales: Phillips Petroleum International Corporation, Sumatrastrasse 27, Zurich 6, Switzerland 
Distributors of Phillips Chemical Company Products, 80 Broadway, New York 5, N. Y. 
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RUBBER CHEMISTRY AND TECHNOLOGY 


Russgsr CHEeMistry AND TecHNoOLOcy is published under the supervision of the Editor, representing 
the Division of Rubber Chemistry of the American Chemical Society. One object of the publication is 
to render available in convenient form under one cover important and permanently valuable papers on 
fundamental research, technical developments, and chemical engineering problems relating to rubber or 
its allied substances. Another object is to publish timely reviews. 


Rusper CHEMISTRY AND TECHNOLOGY may be obtained in one of three ways: 


(1) Any member of the American Chemical Society may become a member of the Division of 
ubber by payment of the dues ($6.00 per year) to the Division and thus receive RuBBER 
CHEMISTRY AND TECHNOLOGY. 


(2) Anyone who is not a member of the American Chemical Society may become an Associate of 
the Division of Rubber Chemistry upon payment of $8.50 per year to the Treasurer of the Division of 
Rubber Chemistry, and thus receive Russper CHEMISTRY AND TECHNOLOGY. 


(3) Companies and libraries may subscribe to Rusper CHEMISTRY AND TECHNOLOGY at the sub- 
scription price of $9.50 per year. 

To these charges of $6.00, $8.50 and $9.50, respectively, per year, postage of $.30 per year must be 
added for subscribers in Canada, and $.90 per year for those in all other countries not United States 
possessions. 


All applications to become Members or Associates of the Division of Rubber Chemistry, with the 
privilege of receiving this publication, all correspondence about subscriptions, back numbers, changes of 
address, missing numbers, and all other information or questions should be directed to the Treasurer of 
the Division of Rubber Chemistry, D. F. Behney, Harwick Standard Chemical Co., 60 South Seiberling 
Street, Akron 5, Ohio. 


Articles, including translations and their illustrations, may be reprinted if due credit is given Rupes 
CHEMISTRY AND TECHNOLOGY. 


Second-class postage paid at Lancaster, Pa. 
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ALL 

SUDDEN.... 

CABOT 

BLACK 


Cabot is now color-coding its The color-coded packaging is 


carbon black bags for quicker 
and easier identification of 
grades. This means increased 
plant and warehouse efficiency 
and greater cleanliness, econ- 
omy and convenience... atno 
increase in cost. 


being standardized, world-wide, 
for the benefit of all Cabot 
customers, internationally. 


This is another first from Cabot 
— leaders in new ideas for 
better carbon black and better 
service since 1882. 


Sales Representatives in all principal cities of the world 


ABOT CORPORATION 


125 High Street, Boston 10, Massachusetts 


Cabot Offices in: 


AKRON « CHICAGO «+ DALLAS + LOS ANGELES +» NEW BRUNSWICK - NEW YORK 


Cabot Argentina S.A. 

Sarmiento 930, Buenos Aires, Argentino 
Cabot Carbon of Canada, Ltd. 

121 Richmond Street West, Toronto 1, Ontario, Canada 
Cabot Carbon Limited 

62 Brompton Road, London, S.W. 3, England 


France S.A. 
45, rue de Courcelles, Paris 8, France 
Cabot Italiana Sp.A. 
Via Larga 19, Milano, Italy 
Australian Carbon Black Pty. Limited 
Millers Road, Altona, Victoria, Australia (jointly owned) 
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GOOD AVEAR ) 


New Wing-Stay V hasn't discolored this polymer— 
won't stain—will protect against degradation! 


From polymer to finished product, 
this rubber will be lastingly shielded 
from oxygen and heat. The secret? 
WING-StTay V, the new nonstaining 
antioxidant by Goodyear. 


The double action of WING-STAY V pays 
big dividends. (1) As a stabilizer, easily 
emulsified WING-StTay V fully protects 
the polymer in the dryer, baler or ware- 
house. And the emulsion is so stable it 
lasts at least 30 days, compared to the 


one-day life of other antioxidant emul- 
sions. (2) As a base antioxidant, WING- 
Stay V gives polymers greatly in- 
creased protection. Example: a WING- 
Stay V fortified rubber displayed 
almost 200% greater resistance to creep 
as did a competitive antioxidant, under 
exactly the same conditions of exposure. 


For further details just write Goodyear, 


Chemical Division, Dept. J-9430, Akron 
16, Ohio. 


Lots of good things come from 


CHEMICAL DIVISION 


Wing-Stay—T.M. The Goodyear Tire & Rubber Company, Akron, Ohio 
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From Eastman... 
A family of fine products to serve 
the rubber industry 


ANTIOXIDANTS EASTOZONE® 32 
Especially useful in static 
TENAMENE® 3 2,5-DI- exposure opplicotions. 
2,6-Di-tert-butyl-p-cresol. ADHESIVES 
An excellent non-discoloring Eflective i in fubber ond 
and non-staining antioxid $; also on 
of low odor and toxicity for excellentipolymerization inhibitor. 
light-colored rubber 
ond synthetic elastomers. TENOX® A fast-setting 


dhesive for strong 
A series of non-discoloring, 
HYDROQUINONE food-grade antioxidants. rubber-to-rubber and 


ANTIOZONANTS 


tubber-to-metal bonds 


Volvable antioxidant and TECQUINOL® 
polymerization inhibitor. (Hydroquinone, tech.) WAXES 


Retards polymerization of styrene a 
ond qutatian of rubber sols. Non-emulsifiable, EPOLENE LV 
low-molecular-weight, 
polyethylene resins for EPOLENE® N 
CELLULOSICS use as colender relecse HD 
agents in milling. 
CELLULOSE ACETATE EPOLENE C 
BUTYRATE 


For use in abrasion-resistant 
lacquers for rubber orticles. 
Flow and bodying agent 

for coatings 

made from urethane. 


PLASTICIZERS 


INTERMEDIATES 


Reactonts in ISOBUTYRONITRILE 
the preparation of 
antioxidants and 
accelerators. 


Facilitates reclamation of scrap 
rubber. Esters for softening agents 
ond solvents. 


DAC-B 

Preparation of hydrocarbon resins 
Di-(8-HYDROXY- ETHYL) 

ETHER OF HYDROQUINONE 
Cross-linking agent for polyurethanes. 


NEOPENTYL GLYCOL 
Polyesters of outstandi 
CHEMICAL PRODUCTS, INC. 


HYDROQUINONE 
(tech.) KINGSPORT, TENNESSEE 
Subsidiary of Eastman Kodak Company 


A new booklet containing more information 
on the products described here has just 
been published. For your copy, write to 


SALES OFFICES: Eastmen Chemical Products, inc., Kingsport, Tennessee; Atlanta; Boston; Buflaio; Chicogo; Cincinnati; Clevelond; Detroit; Greens 
bore, N. Co Gy, Mo.; New York City; Philedeiphia; St. Lovis. West Coast: Wilsen & Gee. Meyer & Compony, Son Francisco; 
Los Angeles; Portiond; Solt Lote City, Settle. 


DIBUTYL 
| PHTHALATE 
Di-(2-ETHYLHEXYL) 
PHTHALATE 
Di-(2-ETHYLHEX YL) 
AZELATE 
ACETALDEHYDE 
DIBUTYL 
ACETONE SEBACATE 
CROTONALDEHYDE POLYMERIC 
PLASTICIZER 
ISOBUTYRALDEHYDE NP-10 
PROPIONALDEHYDE 


SP-103 and SP-102 come in crumb or bale form with predispersed resin to shorten mixings. 


TIMESAVERS: 


Shell Chemical now offers two 
resin-rubber masterbatches—in free-flowing 
crumb and solid bale form 


Spee SP-103 is made from equal parts 
of high styrene resin and low viscosity 
S-1509 cold rubber. 

Shell’s new SP-102 is identical except 
the cold rubber portion is S-1502. 

The high styrene content of these two 
masterbatches imparts properties such as 
abrasion resistance, gloss, stiffness and 
durability. The cold rubber results in a 
uniform mixture when added to a low 
viscosity compound. 

SP-103 is recommended for open and 
closed cell sponge and mechanical goods 
that demand exceptional mold flow. 

New SP-102 is recommended for 
nuclear shoe soling, floor tile—any hard 
rubber product that requires superior 
toughness and abrasion resistance. 


Speed processing 
Both polymers reduce in-plant mixing 
time because the resin is added at the 


latex stage. Banbury masterbatching of 
resin and rubber is eliminated. So is the 
separate handling of resin. 


Order in crumb or bale form 


SP-103 and SP-102 are now available in 
either crumb or 75-lb. bale form. The 
crumbs are packaged in 50-lb. multiwall 
bags. Bales can also be shipped in bags or 
clear polyethylene. 

For additional information and techni- 
cal specifications, write Shell Chemical, 
5230 Clark Street, Lakewood, California. 
Or phone SPruce 3-4997, 


Shell 
Chemical 
Company 


Syuthetic Rubber Division 


a7, 
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Goodrich-Gulf offers 
widest range 
of styrene-Butadiene 


AMERIPOL TYPES AVAILABLE 

Hot polymerized types: 1000, 1001, 1002, 1006, 1007, 
1009, 1011, 1012, 1013 

Cold polymerized oil-extended types: 1703, 1705, 
1707, 1708, 1710, 1712, 4700 

Cold polymerized types: 1500, 1501, 1502, 1503, 1509, 
1511, 4604 

Cold polymerized black masterbatch types: 1605, 
1606, 1608, 1609, 1610, 4651, 4658 


Cold polymerized black masterbatch oii-extended 
types: 1805, 1808, 1809, 1816, 4756, 4758, 4759, 4760, 
4771, 4772 


Forms available: Pressed rubber bales, crumb rubber. 
Packaging to suit requirements. 


Goodrich-Gulf Chemicals, Inc. 


1717 EAST NINTH STREET + CLEVELAND 14. OHIO 


~ A 
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QUALITY PRODUCTS for the RUBBER INDUSTRY 


General Tire’s Chemical Division is constantly aware of the needs 
of the rubber industry, and provides these specially-formulated 
products to meet those needs. Write or call for further information 
and generous samples. 


GEN-TAC e Vinyl pyridine latex. Assures excellent fabric-to-rubber 
adhesion using nylon or rayon cords. 


Latex-compounded masterbatch, 85% insoluble sulfur 
KO-BLEND @ colloidally dispersed in SBR latex. Cuts whitewall rejects 
and reworks . . . eliminates spots, streaks and 


batch softening. 


KURE-BLEND 50 SBR—50 TMTD latex-compounded masterbatch. 
MTe Gives faster, more even dispersion, allowing full advan- 
tage of TMTD accelerator. Assures uniform cure, at no 

premium cost. 


GENTRO@ Top-quality cold SBR Polymers. 


GENTRO-JETe Cold and oil-extended black masterbatches, for easier 
processing and more efficient production. 


GEN-FLOe Styrene-butadiene, with balanced stabilization system, 
low odor, and excellent mechanical stability. 


ACRI-FLOe Styrene-acrylic, offering excellent adhesion, mechanical 
stability and UV heat and light stability. 


VYGEN@ 2 Complete family of top-quality, versatile resins formu- 
lated to meet specific needs. 


THE GENERAL TIRE & RUBBER COMPANY 
CHEMICAL DIVISION ° AKRON, OHIO 
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Naugatuck RUBBER CHEMICALS 


ACCELERATORS 
Dithiocarbomates 

Arazate® 

Ethy! Tuex® Butazate® 

Monex®* Butazate® 50-D 

Pentex Ethazate® 

Pentex Flour Ethazate 50-D 

Methazate* 


Xanthates Vulcanizing Agents 
C-P-B® G-M-F-SD 
Z-B-X Dibenzo G-M-F-SD 
ACTIVATOR 
D-B-A Accelerator 


ANTIOXIDANTS 
Nondiscoloring Semi- 
Polygard® nondiscoloring 
Naugawhite Octamine 
Naugawhite Powder Betanox Special® 


Thiurams 
Tuex?? 


Aldehyde Amines 
Beutene® 
Hepteen Base® 
Trimene Base® 
Trimene® 


Discoloring 
Aminox® 
Aranox® 
B-L-E-25 
Flexamine G 


V-C-B® 


Antiozonants 
Flexzone 3-C 
Flexzone 6-H 


BLOWING AGENTS 
Celogen-AZ® 
SUNPROOFING WAXES 
Sunproof® Improved 
Sunproof® Super 
MISCELLANEOUS SPECIAL PRODUCTS 


Celogen® 


Sunproof® Regular 
Sunproof®-7 13 


Sunproof® jr. 
Sunproof Extra 


BWH-i—mixture of oils 
DDOM—dodecy! mercaptan 
LAUREX®—zinc laurate 
PROCESS STIFFENER #710— 
26.4% hydrazine salt and 73.6% 
inert mineral filler 


THIOSTOP K—40% aqueous 
solution of potassium dimethyl 
dithiocarbamate 


THIOSTOP N—35% aqueous 
solution of sodium dimethy! 
dithiocarbamate 


TONOX—»p,p’-diaminodiphenyimethane 


RETARDERS 
RETARDER E-S-E-N 


RETARDER 
* available in Nauget form 


Naugatuck Chemical 


Division of United States Rubber Company 


ugatuck, Connecticut 


Rubber Chemicals - Synthetic Rubber - Plastics - Agricultural Chemicals - Reclaimed Rubber - Latices 
CANADA: Naugatuck Chemicals Division, Dominion Rubber Co., Ltd., Elmira, Onterie - CABLE: Rubexport, N.Y. 


11 
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DU PONT. 
CHEMICALS and 


COLORS 


DEPENDABLE IN PERFORMANCE...UNIFORM IN QUALITY 


ACCELERATORS 
Accelerator No. 8 
Accelerator 552 
Accelerator 808 
Accelerator 833 
Conac S 

Conac S Grains 
MBT 


Thiuram E 
Thiuram E Grains 
Thiuram M 
Thiuram M Grains 
Zenite 

Zenite Special 
Zenite A 

Zenite AM 


MBTS 
NA-22 
Permalux 


Thionex Grains 
ANTI-OXIDANTS 
Akroflex C Pellets  Neozone A Pellets 
Akrofiex CD Pellets Neozone C 
Antox Neozone D 
Permalux 


AQUAREXES (MOLD LUBRICANTS AND STABILIZERS) 
Aquarex D Aquarex MDL Aquarex SMO 
Aquarex G Aquarex ME Aquarex WAQ 
Aquarex L Aquarex NS 


BLOWING AGENTS 
Unicel ND Unicel NDX 


RUBBER DISPERSED COLORS 
Rubber Red PBD Rubber Green FD 
Rubber Red 2BD Rubber Biue PCD 
Rubber Yellow GD Rubber Blue GD 
Rubber Green GSD Rubber Orange OD 


Thermoflex A Pellets 
Zalba 
Zalba Special 


ORGANIC ISOCYANATES 


Hylene* M 
Hylene* M-50 
Hylene* MP 


PEPTIZING AGENTS 
Endor 

RPA No. 2 

RPA No. 3 


Hylene* T 
Hylene* TM 
Hylene* TM-65 


RPA No. 3 Concentrated 
RPA No. 6 
RR-10 


RECLAIMING CHEMICALS 


RPA No. 3 


SPECIAL-PURPOSE CHEMICALS 


BARAK—Retarder acti- 
vator for thiazole accel- 
erators 


Copper inhibitor 60—|n- 
hibits catalytic action of 
copper on elastomers 


ELA—Elastomer lubri- 
cating agent 


HELIOZONE-—Sun- 
checking inhibitor 
NBC—iInhibits weather 
and ozone cracking of 
SBR compounds 


RETARDER W 
Retarder-activator for 
acidic accelerators 


* pec. u.s. Par. oFr. 


DISTRICT OFFICES 


Akron 8, Ohio, 40 E. Buchtel Ave. at High St. . . . POrtage 2-8461 
TRinity 5-5391 


Atlanta, Ga., 1261 Spring St., N.W. 
Boston 10, Mass., 140 Federal St. . . . 
Charlotte 1, N. C., 427 W. 4th St. 
Chicago 3, Ill., 7 South Dearborn St. 
Detroit 35, Mich., 13000 W. 7-Mile Rd. . . 
Houston 27, Texas, 2601A West Grove Lane. . . 
Los Angeles 58, Calif., 2930 E. 44th St. 
Palo Alto, Calif., 701 Welch Rd 
Trenton 8, N. J., 1750 N. Olden Ave. 

in New York call WAlker 5-3290 

In Canada contact: Du Pont Company of Canada Limited 


FRanklin 5-5561 
ANdover 3-7000 
. . . UNiversity 4-1963 
MOhawk 7-7429 


E. |. du Pont de Nemours & Co. (Inc.) 


Elastomer Chemicals Department 
Wilmington 98, Delaware 


TUxedo 2-8050 


12 
Polyac Pellets 
Tepidone 
Tetrone A 
Thionex 
2-6464 
. Better Things for Better Living 
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B.EGoodrich / 


...@ high-styrene resin 
for use with SBR 


and other rubbers 


Good-rite 2007 is ideal for use in compounds for shoe soles, floor tiling, extrusions, 
rolls, golf ball covers and other high-durometer applications. It is available as a 
finely divided, easily blended, free-flowing odorless white powder. To learn more 
about how it can improve your product and simplify processing at the same time, 
write Dept. ME-4, B.F.Goodrich Chemical Company, 3135 Euclid Avenue, Cleveland 


15, Ohio. Cable address: Goodchemco. In Canada: Kitchener, Ontario. 


FOR BETTER PROCESSING 


« Improves mixing, calendering and extrusion 
characteristics when added to compounds. 


e Easily handled; no masterbatching needed. 


e Makes premium quality compounds in all 
ranges of hardness. 


e Makes easy-to-extrude high-hardness com- 
pounds in a full range of colors. 


FOR BETTER PRODUCTS 
e Superior flex life. 
e Hardness without sacrificing strength. 
e Improved abrasion resistance. 
Light weight. 

’ Bood-rit 

e 
Good-rite 


CHEMICALS 


Ask for Hycar Bulletin HM-8 ... just off the press. 


B.EGoodrich Chemical 


a division of The B.F.Goodrich Company 


200/ 
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Shopping list 
for the Rubber 
Compounder 


> 


These high-quality products are available 

from any of our conveniently located wareh B: 

To order call your nearby American Cyanamid Office. 
For technical literature on the above products, add 


AMERICAN CYANAMID COMPANY 
Rubber Chemicals Department » Bound Brook, New Jersey 


SALES OFFICES AND WAREHOUSES: 340 South Broadway, Akron 8, Ohio m Bound Brook, New dersey 

3605 North Kimball Avenue, Chicago 80, Illinois 2300 S. Eastern Ave., Los Angeles 22, California 
40 Fountain St., Providence 3, Rhode isiand @ 5180 Peachtree Industrial Bivd., Chamblee, Georgia (Atlanta & 

_ 1086 Commonwesith Ave., Boston 15, Massachusetts 3145 N. W. Yeon Ave., Portland 10, Oregon 


: 
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COLUMBIAN offers an outstanding 
carbon black for every rubber need... 


STATEX® 160 SAF Super Abrasion Furnace 

STATEX 125 ISAF Intermediate Super Abrasion Furnace 
STATEX R HAF High Abrasion Furnace 

STANDARD MICRONEX® MPC Medium Processing Channel 
MICRONEX W-6 EPC Easy Processing Channel 

STATEX B FF Fine Furnace 

STATEX M FEF Fast Extruding Furnace 

STATEX 93 HMF High Modulus Furnace 

STATEX G GPF General Purpose Furnace 


FURNEX® SRF Semi-Reinforcing Furnace 


Plus our outstanding MAPICO 


pure synthetic iron oxide pigments 
REDS... 617, 297, 347, 387, 477 and 567 
TANS...10, 15 and 20 


BROWNS... 418, 419, 420, 421 and 422 
PLUS YELLOWS... 


(COLUMBIAN CARBON COMPANY 


380 Madison Avenue, New York 17, N. Y. 
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One stop shopping for Rubber Polymer values 


Here, the customer is always right—when he chooses 
Philprene* rubber. Make Phillips your rubber shop- 
ping center. From tank tracks to intricate extrusions, 
there’s a Philprene rubber for your special require- 
ments. You can depend on prompt delivery. And 
you can depend on the valuable technical services 
offered by your Phillips representative. st tesla 


PHILLIPS PHILLIPS CHEMICAL COMPANY, Rubber Chemicals Sales Div., 318 Water St., Akron 8, Ohio 
Sales Offices: Akron, Chicago, Dallas, Providence and Trenton 
West Coast: Harwick Standard Chemical Company, Los Angeles, California 


Export Sales: Phillips Petroleum International Corporation, Sumatrastrasse 27, Zurich 6, Switzerland 
Distributors of Phillips Chemical Company Products, 80 Broadway, New York 5, N. Y. 


THE DIVISION OF RUBBER CHEMISTRY OF 
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H. Leonarp (Akron), C. V. LunpBerG (New York), R. A. Garretrr 
(Philadelphia), J. A. Carr (Canada), N. R. Lecce (Northern Cali- 
fornia), A. T. McPHerson (Washington, D. C.), H. E. ScHwWELLER 
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(Chicago), R. H. Snyper (Detroit), D. C. Mappy (Los Angeles), 
J. FRaANKFurRTH (Buffalo), R. W. (Rhode Island), R. T. Zr- 
MERMAN (Connecticut). Alternate directors: I. G. SsorHun (Akron), 
W. F. Matcotm (Boston), T. L. Davies (Canada), A. J. Hawkins, JR. 
(Los Angeles), J. T. Dunn (New York). 


Councilors....W. 8. Coe. 
(Alternates, C. S. Yoran, 1958-1960; J. D. D’Iann1). 


Rubber Division Librarian. ...Mrs. Sanpra Gates, Akron University, Akron, O. 


COMMITTEES 


Advisory Committee on Local Arrangements....C. A. Smirn, Chairman (New 
Jersey Zine Co., Cleveland, Ohio), S. L. Brams (Dayton Chemical 
Products, West Alexandria, Ohio), W. H. Pererson (Enjay Co., 
15 West 51 Street, New York City). 


Auditing Committee....F. W. Burcer, Chairman (Phillips Chemical Co., 
Akron, Ohio), C. W. CHristeNseN (Monsanto Chemical Company, 
Akron, Ohio), L. V. Cooper (Firestone Tire & Rubber Co., Akron, 
Ohio). 
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Best Papers Committee....HaroLp Tucker, Chairman (B. F. Goodrich Re- 
search Center, Brecksville, Ohio), H. E. Haxo (U. S. Rubber Company, 
Research Center, Wayne, N. J.), G. E. Popp (Phillips Chemical Com- 
pany, Akron, Ohio). 


Bibliography Committee....JOHN McGavack, Chairman (144 Ames Avenue, 
Leonia, New Jersey), P. H. Brwpison (Firestone Tire & Rubber Com- 
pany, 352 Wayne Avenue, Akron, Ohio), V. L. Burger (U. S. Rubber 
Company, Research Center, Wayne, New Jersey), Lois Brock (Re- 
search Laboratory, General Tire & Rubber Company, Akron, Ohio), 
D. E. Caste (U. S. Rubber Company, Research Center, Wayne, New 
Jersey), H. E. Haxo (U. S. Rubber Company, Research Center, 
Wayne, New Jersey), Mrs. JEANNE JoHNSON (U. S. Rubber Company, 
Research Center, Wayne, New Jersey), M. E. Lerner (Rubber Age, 
101 West 31st Street, New York City), G. S. Mmus (U. S. Rubber 
Company, Research Center, Wayne, New Jersey), Leora Straka 
(Goodyear Tire & Rubber Company, Akron, Ohio), Mrs. M. L. ReLyea 
(36 Hopper Avenue, Pompton Plains, New Jersey), C. E. Runes 
(U. S. Rubber Company, Research Center, Wayne, N. J.), D. F. 
Beuney (Harwick Standard Chemical Co., 60 S. Seiberling Street, 
Akron 5, Ohio). 


By-Laws Revision Committee....G. ALLIGER, Chairman (Firestone Tire & Rub- 
ber Co., Akron, Ohio), W. C. Warner (General Tire & Rubber Co., 
Akron, Ohio), R. A. Garrerr (Armstrong Cork Co., Lancaster, Pa.), 
L. H. Howxanp (Naugatuck Chemical Division, Naugatuck, Conn.). 


Editorial Board of Rubber Reviews....G. E. P. Smirn, Jr. Chairman (Fire- 
stone Tire and Rubber Co., Akron, Ohio), J. REHNER, Jr. (Esso Re- 
search & Engineering Co., Linden, N. J.), B. L. Jounson (Firestone 
Tire & Rubber Co., Akron, Ohio), S. D. Geuman (Goodyear Tire & 
Rubber Co., Akron, Ohio), D. Craia (B. F. Goodrich Research Center, 
Brecksville, Ohio), W. R. SmiruH (The Cabot Corporation, Cambridge, 
Mass.). 


Education Committee....C. V. LunpBEerG, Chairman (Bell Telephone Labora- 
tories, Inec., Murray Hill, New Jersey), R. D. Srienuer (National 
Bureau of Standards, Washington, D. C.), W. F. Busse (E. I. du Pont 
de Nemours & Co., Wilmington, Delaware), H. D. Setter (Chicago 
Rawhide Manufacturing Co., 1301 Elston Avenue, Chicago 22, Illinois), 
H. E. Scowe.ier (Inland Manufacturing Division, General Motors 
Corporation, Dayton 1, Ohio), R. A. Garrerr (Armstrong Cork Co., 
Lancaster, Pennsylvania), Mitton H. Leonarp (Columbian Carbon 
Company, Akron, Ohio). 


Files & Records Committee....J. D. D’Ianni, Chairman (Goodyear Tire & 
Rubber Co., Akron, Ohio), Dorornoy Hamuen (University of Akron, 
Akron, Ohio), E. A. Wimuson (B. F. Goodrich Research Center, 
Brecksville, Ohio). 


Finance Budget Committee....L. V. Cooper, Chairman (Firestone Tire & Rub- 
ber Company, Akron, Ohio), C. W. CuristenseN (Monsanto Chemical 
Company, Akron, Ohio), F. W. Burcer (Phillips Chemical Company, 
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Akron, Ohio), E. H. Krismann (E. I. du Pont de Nemours & Co., 
Akron, Ohio), S. B. Kuykenpatu (Firestone Tire & Rubber Co., 
Akron, Ohio), D. F. Beuney, F2-officio (Harwick Standard Chemical 
Co., 60 S. Seiberling Street, Akron 5, Ohio). 


Future Meetings....A. E. Laurence, Chairman (R. T. Vanderbilt Co., Akron, 
Ohio), G. N. Vacca (Bell Telephone Laboratories, Murray Hill, N. J.), 
J. M. Bott (Naugatuck Chemical Co., Olive Branch, Miss.). 


Library Operating Committee....Guino H. Stempen, Chairman (The General 
Tire & Rubber Company, Central Research Laboratories, Akron 9, 
Ohio), Maurice Morton (University of Akron, Akron, Ohio), Mrs. 
Sanpra Gates (University of Akron, Akron, Ohio), Miss Dororny 
Hamuen (University of Akron, Akron, Ohio). 


Library Policy H. Chairman (The General Tire 
& Rubber Co., Central Research Laboratories, Akron 9, Ohio), Ropert 
L. Bess (Firestone Tire & Rubber Company, Akron, Ohio), A. M. 
CuirrorD (Goodyear Tire & Rubber Company, Akron, Ohio), Maurice 
Morton (University of Akron, Akron, Ohio), Eart C. Greco, Jr. (The 
B. F. Goodrich Company, Akron, Ohio), D. F. Beuney, Ez-officio 
(Harwick Standard Chemical Co., 60 S. Seiberling Street, Akron 5, 
Ohio). 


Membership Committee....Maurice J. O’Connor, Chairman (O’Connor and 
Company, Inc., 4667 North Manor Avenue, Chicago 25, Illinois), All 
Directors from each Local Rubber Group, C. E. Huxtey (Enjay Com- 


pany, Inc., 130 East Randolph Drive, Chicago, Illinois), A. M. GessLEr 
(Esso Research & Engineering Company, Linden, New Jersey), E. M. 
DaNnNENBERG (Cabot Corporation, 38 Memorial Drive, Cambridge 42, 
Massachusetts). 


New Publications Committee....R. G. SEAMAN, Chairman (Rubber World, New 
York City), D. Crate (B. F. Goodrich Research Center, Brecksville, 
Ohio), J. M. Batu (Midwest Rubber Reclaiming Co., 95 Whipstick 
Road, Wilton, Conn.), G. E. P. Smrrn, Jr. (Firestone Tire & Rubber 
Co., Akron, Ohio). 


Nomenclature Committee....RaLtpH F. Chairman (4448 Lahm Drive, 
Akron 19, Ohio), I. D. Parrerson (Goodyear Tire & Rubber Co., 
Akron, Ohio), F. W. Gace (Dayton Chemical Products Laboratories, 
W. Alexandria, Ohio), E. E. Gruser (General Tire & Rubber Co., 
Akron, Ohio), A. T. McPuHerson (National Bureau of Standards, 
Washington, D. C.), R. W. Szunrk (Acushnet Process Co., New Bed- 
ford, Mass.). 


Nominating Committee. ...Larry M. Baker, Chairman (General Tire & Rubber 
Company, Akron, Ohio), James D. D’Iann1 (The Goodyear Tire & 
Rubber Company, Akron 16, Ohio), Kennera R. Garvick (The Mans- 
field Tire & Rubber Company, P. 0. Box 428, Mansfield, Ohio), Ropert 
G. Seaman (Editor, Rubber World, 630 Third Avenue, New York 17, 
N. Y.), George Vacca (Bell Telephone Laboratories, Murray Hill, 
New Jersey). 
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Officers Manual....A. E. Juve, Chairman (B. F. Goodrich Research Center, 
Brecksville, Ohio), B. S. Garvey (Pennsalt Chemicals Corp., Phila- 
delphia, Pa.). 

Papers Review Committee....W.S. Cor, Chairman (Naugatuck Chemical Divi- 
sion, U. S. Rubber Company, Naugatuck, Connecticut), W. J. Sparks 
(Esso Research & Engineering Company, P. O. Box 51, Linden, New 
Jersey), Davin Craic (Editor, Rusper CHemistry & TECHNOLOGY, 
B. F. Goodrich Research Center, Brecksville, Ohio), L. H. HowLanp 
‘Naugatuck Chemical Division, U. S. Rubber Company, Naugatuck, 
Connecticut), G. E. Popp (Phillips Chemical Company, Rubber Chem- 
icals Sales Division, 318 Water Street, Akron 8, Ohio). 


Program Planning Committee....GeorGE E. Popp, Chairman (Phillips Chem- 
ical Company, Rubber Chemicals Sales Division, 318 Water Street, 
Akron 8, Ohio), J. D. D’Ianni (The Goodyear Tire & Rubber Co., 
Akron 8, Ohio), Davin Craia (Editor, Rusper CHemistry & TEcHNOL- 
ocy, B. F. Goodrich Research Center, Brecksville, Ohio), Merton 
StupEBAKER (Phillips Chemical Company, 318 Water Street, Akron 8, 
Ohio), W. F. Tutey (Naugatuck Chemical Division, U. S. Rubber 
Company, Naugatuck, Connecticut). 

Selection Committee for the Rubber Science Hall of Fame, University of Akron, 
representatives of the Division of Rubber Chemistry....A. E. Juve 
(B. F. Goodrich Research Center, Brecksville, Ohio), Ratpx F. Wor 
(4448 Lahm Drive, Akron 19, Ohio). 


Tellers....A. C. Stevenson, Chairman (E. I. du Pont de Nemours & Co., Wil- 


mington, Del.), L. T. Epy (Esso Research and Engineering Co., Eliza- 
beth, N. J.), Paut Roacn (Texas-U. S. Chemical Co., Parsippany, 
N. J.). 


FUTURE MEETINGS 
ACS MEETINGS AS OF SEPTEMBER 5, 1961 


Meeting Date City 
Spring 1962 March 20-29 Washington, D.C. 
Fall 1962 Sept. 9-14 Atlantic City, N. J. 
Jan. 1963 Experimental Third National Meeting 
Spring 1963 Mar. 31-Apr. 5 Los Angeles, Calif. 
Fall 1963 Sept. 8-13 New York, N.Y. 
Jan. 1964 Experimental Third National Meeting 
Spring 1964 Mar. 31-Apr. 9 Philadelphia, Pa. 
Fall 1964 Aug. 30-Sept. 4 Chicago, Ill. 
Spring 1965 Mar. 30-Apr. 9 Detroit, Mich. 
Fall 1965 Sept. 12-17 Atlantie City, N. J. 
Spring 1966 March 22-31 Pittsburgh, Pa. 
Fall 1966 Sept. 11-16 New York, N.Y. 
Spring 1967 
Fall 1967 Sept. 10-15 Chieago, Il. 
Spring 1968 
Fall 1968 Sept. 8-13 (T) Atlantie City, N. J. 


(T) Tentative. 


RUBBER DIVISION MEETINGS 


Date City Hdqtr. Hotel 
Spring 1962 Apr. 24-27 Boston, Mass. Statler 
Fall 1962 Oct. 16-19 Cleveland, O. Sheraton 
Spring 1963 May 7-10 Toronto, Canada Royal York 
Fall 1963 Sept. 10-13 New York, N.Y. Roosevelt 
Spring 1964 Apr. 28-May 1 Detroit, Mich. Cadillae 
Fall 1964 Sept. 1-4 Chicago, Ill. Sherman 
Spring 1965 May 4-7 Miami Beach, Fla. Fontainebleau 
Fall 1965 Oct. 19-22 Philadelphia, Pa. Bellevue-Strat 
Spring 1966 May 3-6 San Francisco, Cal. Fairmount 
Fall 1966 Sept. 13-16 New York, N.Y. Roosevelt * 
Spring 1967 May 2-5 Montreal, Canada Queen Elizabeth 
Fall 1967 Sept. 12-15 Chicago, Ill. Sherman 


SPONSORED RUBBER GROUPS 
OFFICERS AND MEETING DATES 
1961 


AxKron Rusper Group Inc. 


Chairman: J. H. Girrorp (Witco Chemical, 213 W. Bowery St., Akron, 
Ohio). Vice-Chairman: R. B. Knrwu (Goodyear Tire & Rubber, Akron, Ohio). 
Secretary: B. N. Larsen (Naugatuck Chemical, 9 Overwood Road, Akron 13, 
Ohio). Treasurer: Ben Kaste1n (Firestone Tire & Rubber, 1200 Firestone 
Parkway, Akron, Ohio). Area Director: M. H. Leonarp (Columbian Carbon, 
452 E. Market St., Akron, Ohio). Past Chairman: I. J. Ssornun (Firestone 
Tire & Rubber, 1200 Firestone Parkway, Akron, Ohio). Program: A. E. Lav- 
RENCE (2425 Amesbury Road, Akron, Ohio). Publicity: RatpH F. ANDERSON 
(B. F. Goodrich Company, 500 S. Main St., Akron, Ohio). Tickets: R. J. 
Brown (Goodyear Tire & Rubber, 1144 E. Market St., Akron, Ohio). Member- 
ship: D. M. Srrasser (Witeco Chemical, 213 W. Bowery St., Akron, Ohio). 
Meeting dates for the 1961-62 Season: Sheraton Hotel (meeting) Friday Oc- 
tober 20, 1961; Sheraton Hotel (meeting) Friday January 26, 1962; Sheraton 
Hotel (dance) Friday February 23, 1962; Sheraton Hotel (meeting) Thursday 
April 5, 1962; outing, Firestone Country Club Friday June 22, 1962. Meeting 
dates for 1962-1963 Season: Sheraton Hotel (meeting) Friday October 26, 
1962; Sheraton Hotel (meeting) Friday January 25, 1963; Sheraton Hotel 
(Dance) Friday February 22, 1963; Sheraton Hotel (meeting) Thursday April 
4, 1963. Outing: Firestone Country Club Friday June 21, 1963. 


Boston Russer Group 


Chairman: Guorce E. Hersert (Tyer Rubber Company, Andover, Massachu- 
setts). Vice-Chairman: Joun M. Hussey (Goodyear Chemical Company, Need- 
ham Heights 94, Massachusetts). Secretary-Treasurer: Georce H. Hunt 
(Simplex Wire & Cable Company, Cambridge 39, Massachusetts). Executive 
Committee: James J. Breen (Barrett & Breen Co., Boston 10, Massachusetts). 
Cuester STOEKELS (Firestone Tire & Rubber Company, Fall River, Massachu- 
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setts). Rosert Lovetanp (R. T. Vanderbilt Company, Boston, Massachusetts). 
Georce W. Smiru (E. I. du Pont de Nemours & Co., Boston, Massachusetts). 
Officers Tenure: January 1, 1961—January 1, 1962. Meeting Dates: (1961)— 
February 3, 4,5; March 17; June 16; October 13; and December 15. 


BurraLo Russer Group 


Chairman: E. F. Sverprue (U.S. Rubber Reclaiming Company, Buffalo 5, 
New York). Vice-Chairman: E. R. Martin (Dunlop Tire and Rubber Corpora- 
tion, Buffalo 5, New York). Secretary-Treasurer: E. J. Haas (Dunlop Tire 
and Rubber Corporation, Buffalo 5, New York). Asst. Secretary-Treasurer: 
R. J. O’Brien (Dunlop Tire and Rubber Corporation, Buffalo 5, New York). 
Directors: D. C. Perrer, J. FraNnkFurTH, R. LinpBerc, S. Murray, 
F. O’Connor. Officers Tenure: December 1960-December 1961. Director to 
Div. of Rubber Chemistry: J. FRaNKFuRTH. Meeting Dates: March 7, May 12, 
June 13, October 10 and December 12. 


Cuicaco Russer Group, Inc. 


President: THeopore C. Arcue (Roth Rubber Company, Cicero, Illinois). 
Vice-President: Ropert Kann (Goodyear Chemical Division, Elk Grove, IIli- 
nois). Secretary: Harotp Stark (2247 S. 17th Avenue, Broadview, Illinois). 
Treasurer: STtanLtEY D. SHaw (Witco Chemical Company, Chicago, Illinois). 
Directors: Frep Kuepetar (Johns-Manville Corporation, Chicago, Illinois). 
JosePH E. Stonis (The C. P. Hall Company, Chicago, Illinois). CHartes F. 
‘Wiue_r (Phillips Chemical Company, Elmhurst, Illinois). CorNneLius Woops 
(514 Wenonah Avenue, Oak Park, Illinois). James Dunne (United Carbon 
Company, Ine., La Grange, Illinois). Bateman G. Hutcuison (Copolymer 
Rubber & Chem. Co., Homewood, Illinois). At D. Marr (Judsen Rubber 
Works, Chicago, Illinois). Harotp D. SHetier (Chicago Rawhide Mfg. Co., 
Chicago, Illinois). Legal Counsel & Executive Secretary: Epwarp H. Leany 
(333 N. Michigan Ave., Chicago, Illinois). Meeting dates for the 1961-1962 
season: September 29, November 17, 1961; January 26, March 16 and May 4, 
1962. The meetings are at the Furniture Club except for the Christmas Party, 
Dee. 15 at the Morrison Hotel. 


Connecticut RusBer Group 


Chairman: Frank B. Smita (Naugatuck Chemical Company, Naugatuck, 
Connecticut). Vice-Chairman: ALEXANDER Murpock, Jr. (Armstrong Rubber 
Company, West Haven, Connecticut). Secretary: Riau S. Porres, Jr. (Spencer 
Rubber Products, Manchester, Connecticut). Treasurer: Frank F. Vina 
(Whitney Blake Company, Hamden, Connecticut). Directors: Vincent P. 
CHapwIck, Francis H. H. Brownie, Ken C. Crouse, Ricnarp Stimets, Cari 
Lawson. Director to Division of Rubber Chemistry: R. T. Zimerman. 
Meeting Dates: February 17, May 19, September 9 and November 17. Officers 
Tenure: January 1, 1961 to January 1, 1962. 


Detroir RuBBER AND PLastics Group 
Chairman: W. D. Witson (R. T. Vanderbilt Company, 5272 Doherty Dr., 
Orchard Lake, Michigan). Vice-Chairman: S. M. Sipwewu (Chrysler Engineer- 
ing Division, P. O. Box 1118, Dept. 821, Detroit 21, Michigan). Treasurer: 
P. V. Mruuarp (Automotive Rubber Company, 12550 Beech Road, Detroit 39, 
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Michigan). Secretary: R. W. Matcotmson (E. I. du Pont de Nemours & Com- 
pany, 13000 W. Seven Mile Road, Detroit 35, Michigan). Executive Committee: 
W. F. Muuer, E. J. Kvet, H. W. Hoeravr, C. H. Avsers, C. E. Beck, E. I. 
BoswortH, R. C. Cuiiton, F. G. Fatvey, E. P. Francis, T. W. J. F. 
Maspen, J. M. McCue.uan, R. H. Snyper, R. C. Waters, P. Weiss. Officers 
Tenure: December 1959—December 1960. Director to Div. of Rub. Chem., ACS: 
R. H. Snyper (to 1962). Meeting Dates: (1961)—Feb. 17, Apr. 21, June 23, 
Oct. 5 and December 8. 


Fort Wayne Russer & Puiastics Group 


Chairman: A. L. Rostnson (Harwick Standard Chemical Company, 2724 
West Lawrence Avenue, Chicago 25, Illinois). Vice-Chairman: Carroti Voss 
(General Tire & Rubber Company, Wabash, Indiana). Secretary-Treasurer: 
Rosert O. HartMANn (Monsanto Chemical Company, Chicago, Illinois). Direc- 
tors: A. G. CopBe, Gerarp Zwick, B. G. Hurcurxson, JoHN WALSH, CARROLL 
Hosson, Jack Lippincott, BaLrour CONNELL, Ropert Wabe. Meeting Dates 
for 1961-1962 at Van Orman Hotel Ft. Wayne, Indiana: September 28, De- 
cember 7, February 8, April 5. Summer Outing June 8, 1962 Tippecanoe 
Country Club Leesburgh, Indiana: September 20, December 6, February 7, 
April 18, 1963. Summer Outing June 7, 1963. 


Los ANGELES Group, Inc. 


Chairman: W. M. Anverson (Gross Manufacturing Co., Inc., 1711 S. Cali- 
fornia Avenue, Monrovia, California). Assoc. Chairman: C. M. CHURCHILL 
(Naugatuck Chemical Division, U. S. Rubber Company, 5901 Telegraph Rd., 
Los Angeles 22, California). Vice-Chairman: L. W. Cuarree (The Ohio Rub- 
ber Company, 6700 Cherry Avenue, Long Beach 5, California). Treasurer: 
J. L. Ryan (Shell Chemical Company, P. O. Box 6066, Lakewood, California). 
Secretary: C. F. Asucrorr (Cabot Corporation, 3350 Wilshire Blvd. #718, Los 
Angeles 5, California). Directors: Don Montcomery (1961-1962), Howarp R. 
FisHer (1961-1962), L. E. Peterson (1961-1962), R. L. Wetus (1960-1961), 
Haroitp W. Sears (1960-1961), Harotp J. Branpensure (1960-1961), B. R. 
Snyper (1961). Asst. Treasurer: Rosert F. Douguerty (U. S. Rubber Com- 
pany, 5675 Telegraph Rd., Los Angeles 22, California). Asst. Secretary: W. C. 
ScHEUVERMANN (Plastic & Rubber Products Co., 2100 Hyde Park Blvd., Los 
Angeles 47, California). Historian ¢& Librarian: Roy N. PxHeuan (Atlas 
Sponge Rubber Co., 1707 S. California Avenue, Monrovia, California). Attor- 
ney: Ceci, CoLuins (2875 Glendale Blvd., Los Angeles 39, California). Photog- 
rapher Emeritus: L. E. Bupnick (The Ohio Rubber Company, 6700 Cherry 
Avenue, Long Beach 5, California). Official Photographer: Bert Suuyter (The 
Ohio Rubber Company, 6700 Cherry Avenue, Long Beach 5, California). 
Director to Division of Rubber Chemistry: D. C. Mappy (to 1963), (Harwick 
Standard Chemical Company, 7225 Paramount Blvd., Pico Rivera, California). 
Officers Tenure: December, 1960 to December, 1961. Meeting Dates: (1961)— 
February 7, March 7, April 4, May 2, October 3 and November 7. 


New York Russer Group 


Chairman: R. DeTurK (Cooke Color & Chemical Co., Hackettstown, N. J.). 
Vice-Chairman: A. H. Woopwarp (E. I. du Pont de Nemours & Co., Trenton, 
N. J.). Sgt. at Arms: Frank Rasa. Secretary-Treasurer: M. E. LERNER 
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(Rubber Age, 101 West 31st St., N. Y., N. Y.). Directors: J. T. Dunn, M. A. 
Durakis, W. R. Hartman, J. E. Wausu, R. T. Ambrose, W. C. Carter, A. M. 
GessLer, J. V. Fusco, G. C. Vickery, W. F. Wave, G. G. Winspear. Exz- 
officio Members: H. J. Perers, R. 8S. WaLKer. Officers Tenure: January 1, 
1961-January 1, 1962. Director to Div. of Rub. Chem., ACS: C. V. LUNDBERG 
(to 1963). Meeting Dates: (1961)—Mar. 24, June (Summer Outing), Aug. 1, 
Oct. 20 and Dee. 15. (1962)—Mar. 23, June 7, Aug. (Golf Outing), Oct. 19 
and Dee. 14. 


NoRTHERN CALIFORNIA RuBBER GROUP 


Chairman: Vira C. Price (Burke Rubber Company, 2250 South Tenth 
Street, San Jose 3, California). Vice-Chairman: Victor J. CARRIERE (Mans- 
field Tire & Rubber Company, 4901 East 12th Street, Oakland, California). 
Treasurer: Gene L. UNTERzuBER (Oliver Tire & Rubber Company, 1256 65th 
Street, Oakland 8, California). Secretary: Roger H. THarcuer (Union Rubber 
Company, 1002 77th Avenue, Oakland 21, California). Directors: EuGEne 
Gapvor, Henrt Krakowski, Rosert B. Stewart. Officers Tenure: December, 
1960—December, 1961. Meeting Dates: January 12, February 9, March 9, April 
13, May 11, June 8, September—open date for Summer Outing, October 12, 
November 9, December—open for Christmas Party. 


THe PHILADELPHIA RusBER Group 


Chairman: R. N. Henprixsen (Phillips Chemical Company, Trenton, New 
Jersey). Vice-Chairman: R. M. Kerr (H. K. Porter Company, Thermoid 
Division, Philadelphia, Pa.). Secretary-Treasurer: H. F. SmrrnH (Naugatuck 


Chemical Company, 97 Bayard Street, New Brunswick, New Jersey). His- 
torian: J. B. Jounson (Linear, Inc., Philadelphia, Pa.). Executive Committee: 
E. C. Brown, K. E. Cuester, R. E. Connor, W. J. Macomser, K. F. Quinn, 
B. VanARKEL. Director to Division of Rubber Chemistry: R. A. Garrett (to 
1962). Officers Tenure: January 1, 1961 to January 1, 1962. Meeting Dates: 
January 27, April 28, August 18, October 13, November 3. 


Ruope IstanpD Russer Group 


Chairman: E. C. Unuia (U. S. Rubber Co., Providence). Vice-Chairman: 
J. M. Vrrate (The Crescent Wire Company, Inc., Pawtucket, Rhode Island). 
Secretary-Treasurer: C. A. Damicone (Acushnet Process Co., New Bedford, 
Massachusetts). Directors: J. M. Donanve, P. Hastinas, V. Casey, T. Crossy, 
F. Catatrano. Dir. Rubber Div. ACS: R. Szutix. Permanent Historian: 
Ropert VAN AmBuRGH. The officers tenure is from January 1, 1962 to January 
1, 1963. The meeting dates are: April 5, June 7, and November 8, 1962. 


SouTHERN Russer Group 


President: Howarp G. Guterre (Precision Rubber Prod. Corp., Dayton, 
Ohio). Vice-President: E. N. Ipioris (Inland Mfg. Division, G.M.C., Dayton, 
Ohio). Secretary: Joan H. Woopwarp (Inland Mfg. Division, G.M.C., Day- 
ton, Ohio). Treasurer: Donatp R. Strack (Inland Mfg. Division, G.M.C., 
Dayton, Ohio). Directors: F. W. Gace, Harotp D. L. ALLEN, 
C. R. Heist, R. L. Jacoss, M. K. Coutrer, J. West, H. 8. Karcn, 
W. F. Herperc, J. M. Wouiams. Director to Division of Rubber Chemistry: 
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H. E. ScHwetier (1962). Officers Tenure: January 1, 1961-January 1, 1962. 
Meeting Dates: March 23, June 3, September 28 and Dee. 9. 


SouTHERN Russer Group 


Chairman: R. C. Wuirmore (Better Monkey Grip Company, P. O. Box 6170, 
Dallas 22, Texas). Vice-Chairman: C. M. Wurre (Cabot Carbon Company, 
1309 Main St., Dallas 2, Texas). Secretary: R. W. Rice (Firestone Synthetic 
Rubber & Latex Co., Box 1361, Lake Charles, Louisiana). Treasurer: A. B. 
Craic, Jr. (Witeco Chemical Company, P. O. Box 22443, Houston, Texas). 
Meeting Dates are as follows: Nov. 17-18, 1961, Memphis, Tenn. (Chisea Hotel). 
Jan. 26-27, 1962, Houston, Texas (Shamrock-Hilton). June 8-9, 1962, Bir- 
mingham, Ala. (Dinkler-Tutwiler). Nov. 9-10, 1962, New Orleans, La. 
(Roosevelt). 


WASHINGTON Russer Group 


President: Pumip Mrrron (Materials Branch, U. S. Army Engineer Re- 
search and Development Laboratories, Fort Belvoir, Virginia). Vice-President: 
THomas A. THarp (General Tire & Rubber Company, 1120 Conn. Avenue, 
N. W., Washington, D. C.). Secretary: Dante, Pratt (Code 634 C, Bureau of 
Ships, Navy Department, Washington 25, D. C.). Treasurer: Georce G. 
Ricuey (National Bureau of Standards, Washington 25, D. C.). Director to 
Division of Rubber Chemistry: A. T. McPHERson (to 1961). Officers Tenure: 
July 1, 1960 to July 1, 1961. Meeting Dates: January 25, March 8, April 19, 
May 17. 


THE CHEMICAL INSTITUTE OF CANADA RUBBER DIVISION 
OFFICERS AND SPONSORED RUBBER GROUPS 


Chairman: D. W. Hay (Polymer Corporation Limited, Sarnia, Ontario). 
Vice-Chairman: C. M. Croakman (Columbian Carbon of Canada, Toronto, 
Ontario). Secretary-Treasurer: W. A. Curne (Canadian General Tower Ltd., 
Galt, Ontario). Directors: A. Hotpen (Canada Colors & Chemicals, Montreal, 
Quebec). W. J. Nicnot (Dunlop Canada Limited, Toronto, Ontario). L. 
Rosrnson (Canada Wire & Cable Co., Toronto, Ontario). 


Tue Ontario Russer Group 


Chairman: W. R. Smita (Dominion Rubber Company Ltd., Kitchener, 
Ontario). Vice-Chairman: L. V. Lomas (c/o L. V. Lomas Chemical Company, 
Toronto, Ontario). Secretary: Bruce Wiu.Mms (Feather Industries Ltd., 
Toronto, Ontario). Treasurer: W. J. Hoaae (Naugatuck Chemicals Division, 
Dominion Rubber Co., Ltd., Elmira, Ontario). Membership Chairman: Frank 
CapsticK (Dunlop Canada Ltd., Toronto, Ontario). Entertainment Chairman: 
B. Austin (Firestone Tire & Rubber Co., Hamilton, Ontario). 


Quesec Russer & Piastics Group 


Chairman: E. W. May (Naugatuck Chemicals, P. O. Box 130, Place d’Armes, 
Montreal, Quebec). Past & Vice Chairman: J. M. Campsett (Northern Elec- 
trie Co. Ltd., Wire and Cable Division, P. 0. Box 6122, Montreal, Quebec). 
Secretary: L. V. WoytiuK (Northern Electrie Co. Ltd., Wire and Cable Divi- 
sion, P, O. Box 6122, Montreal, Quebec). Treasurer: R. B. Prumer (Dominion 
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Rubber Co. Ltd., P. O. Box 130, Place d’Armes, Montreal, Quebec). Member- 
ship: E. T. CHattacomsBe (Du Pont of Canada Ltd., P. O. Box 660, Montreal, 
Quebec). Fall Smoker: D. B. Gustarp (Columbian Carbon (Canada) Ltd., 
Carbon Black and Pigment Division, 7147 Park Ave., Montreal 15, Quebec). 
Golf Outing: R. M. Buack (Bate Chemical Corporation, 470 Bridge St., 
Montreal, Quebec). Publicity: R. R. Vincent (Dominion Rubber Co. Ltd., 
P. O. Box 130, Place d’Armes, Montreal, Quebec). Education: Dr. F. R. More- 
HOUSE (Shawinigan Chemicals Ltd., Development Department, 600 Dorchester 
St. West, Montreal, Quebec). Speakers: J. A. Neat (H. L. Blachford Ltd., 
977 Aqueduct Street, Montreal, Quebec). House Committee: R. W. Dickson 
(The Pigment and Chemical Co. Ltd., 6333 Decarie Blvd., Montreal 29, Quebec). 
Ladies Night: L. B. Dunrorp (Northern Electric Co. Ltd., Wire and Cable 
Division, P. O. Box 6122, Montreal, Quebec). Sgt. at Arms: J. R. CLouTier 
(Northern Electric Co. Ltd., Wire and Cable Division, P. O. Box 6122, Montreal, 
Quebec). Director at Large: A. R. OvertnG (British Rubber Co. Ltd., 500— 
20th Ave., Lachine, Quebec). 


ELECTION RESULTS—1961 
DIVISION OF RUBBER CHEMISTRY, ACS 


Officers (One-Year Term) 


Chairman G. E. Popp 
Vice-Chairman G. H. Swart 
Secretary L. H. Howland 
Treasurer D. F. Behney 


Director-at-Large A. W. Sloan 


Directors and Alternates—Rubber Group Areas 


(Three-Year Term) 
Chicago A. L. Robinson Director 
A. G. Cobbe Alternate 
Connecticut H. Gordon Director 
Fort Wayne B. Y. Connell Director 
R. L. Blair Alternate 
Southern Rubber J. M. Bolt Director 
A. B. Craig, Jr. Alternate 


Washington L. A. Wood Director 
J. R. Britt Alternate 
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NEW BOOKS AND OTHER PUBLICATIONS 


GrowrH OF RusBer Literature. Dr. John McGavack presented a very 
interesting paper at the 80th Meeting of the Division of Rubber Chemistry 
in Chicago, September 7, 1961, entitled ““The Distribution of the Rubber Lit- 
erature of the World.”’ This paper shows a very great rate of growth in the 
number of publications related to rubber. This is illustrated in the accompany- 
ing graph from the paper (Graph I). This increase in publications is in line 
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with the increase in publications in the overall field of science. The publica- 
tions related to elastomeric materials used by Dr. MeGavack cover the world’s 
literature and include patents from a number of countries. Subjects of the 
publications cover everything related to rubber including testing, compounding, 
applications, manufacture, and chemistry, physics, and engineering, both basic 
and applied, that are concerned with the rubber field. 

This paper shows that the increase in publications was particularly rapid 
from 1951 through 1959 with an average growth of 13.5% per year from 1951 
through 1958 and with a growth of 26% for 1959 over 1958. 

The growth of literature in the rubber field is not only due to such usual 
causes as increase in number of scientists working in the field and the growth 
of the rubber industry but also is due to the advent of so many new high quality 
synthetic rubbers requiring investigation, and to the continual appearance of 
publications from countries that were not publishing previously including those 
countries that are relatively new to the synthetic rubber field entering into the 
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research, development, manufacture, and applications phases of synthetic 
rubber. 
Dr. McGavack reports that only two parts of the rubber field have declined 
in number of publications, and these are “Rubber Derivatives” and “Reclaim.” 
In general a greater number of publications come from the United States 
than any other country. However, the literature relating to rubber from 
Russia is increasing at a very rapid pace. This is illustrated in Graph 2 on 
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the subject of ‘Rubber Chemistry.” As to the total world situation, there is 
every indication that the growth of literature in the elastomer field will continue 
at a good rate for the foreseeable future, thus adding to the problems of the 
editors of scientific journals. 


Exastomers. B.S. Garvey, Ind. Eng. Chem. 53, 857-859. An extensive 
review of the industrial chemistry of rubber. 


TrapE Names or Rupsers, Resins, AND Puiastics. Vou. III. A. B. 
Davey. Soft-bound;8} X 11}in.;242 pp. Published by Rubber and Plastics 
Research Association of Great Britain, Shawbury, Shrewsbury, Shropshire, 
England. Price $10.00. 

Together with the two previous listings, this volume gives a comprehensive 
survey of the subject field from June 30, 1926 to December 31, 1959. This 
volume covers the five year period from 1955-1959. In its organization, one 
single alphabetical list is given of substitutes for natural rubber, of synthetic 
rubbers, and of synthetic resins or plastics. All these terms are interpreted 
broadly by the compilers. The names given include registered trademarks and 
trademarks for which applications have been accepted. The volume also lists 
coined words and “fanciful terms”. 
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The publisher wisely points out that this volume is an addition to Volumes 
I and II, and not a revision of them. For complete accuracy, the three reports 
must be used in conjunction. Information has not been repeated here from 
previous listings except where new details have been made available. 

Sources of the compilation credited include “RABRM Trade Mark Review,” 
“British Plastics Year Book’, Rusper Rep Books, and ‘Modern Plastics 
Encyclopedia”’. In quite a large number of entries, the sole source of informa- 
tion obtained has been the official trade mark journals of various countries. 
As in any such compilation, the publisher cannot guarantee the reliability of 
information in the original sources. 

Within these limitations, it would seem that the Rubber and Plastics Re- 
search Association of Great Britain has performed a real service to those work- 
ing in these fields. [From the Rubber Age. ] 


ANNUAL Report ON THE ProGREss OF RuBBER TECHNOLOGY. Vol. XXIV, 
1960. Edited by T. J. Drakeley. Cloth; 7} by 9} inches; 190 pages. Pub- 
lished by W. Heffer & Sons, Ltd., Cambridge, England, 1961. Price £1—5s. 

This annual publication for the Institution of the Rubber Industry, London, 
England, which focuses attention on technological advances in the rubber 
industry over the past year, contains data and information collected from inter- 
national publications arranged in chapter form. There are 24 chapters cover- 
ing such items as historical and statistical review, chemistry of natural raw 
and vulcanized rubber, synthetic rubber and production, testing, fibers and 
fabrics, and all major divisions of rubber goods production. 

A complete bibliography of sources as well as a name and subject index is 
also provided. [From the Rubber World.] 


Puasticizers. D. N. Buttrey. Second edition (1960). Cloth; 8? x 
52 inches; 224 pages. Published by Franklin Publishing Co., Inc., Palisade, 
N. J. Price $7.50. 

The book lists the physical and chemical properties of plastizicers, including 
some recently developed types, their applications and their compatibility with 
synthetic rosins, plastics, and rubbers. This book comprises a close-packed 
collection of reference data, graphs, and tables which should help manufacturers, 
chemists, and technicians evaluate a plasticizer best suited for their special 
purpose. 

The plasticizers are arranged by chemical classification and include data on 
phthalate esters, phosphoric acid derivatives, glycerol derivatives and mis- 
cellaneous esters, esters of adipic and sebacic acids, fatty acid esters, esters of 
abietic and ricinoleic acids, toluene sulfonic acid derivatives, diphenyl deriva- 
tives, miscellaneous plasticizers, hydrocarbons and aromatic extenders, high 
molecular weight plasticizers, and new esters and miscellaneous plasticizers. 
There are 94 tables which are title indexed and also a material index. [From 
Rubber World. } 


WERKSTOFFE AUS MENSCHENHAND. (MaN-—Mapbe MareriALs.) Plastics, 
Synthetic Rubber, Chemical Fibers—History of Technology and Industry, 
1910-1960. By Hansjurgen Saechtling. Paper; 53 by 84 inches; 71 pages, 
44 tables. Published by Carl Hanser Verlag, Munich, Germany, 1961. Price, 
DM.6.80. 
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With a review of the interrelated growth of big chemical industry and knowl- 
edge of macromolecular physics and chemistry as starting point, Dr. Saechtling, 
general secretary of the German Plastics Study Group, outlines the development 
in the past 50 years of the man-made materials: plastics, synthetic rubber, and 
chemical fibers. World progress of the petrochemical industry during that 
period, chiefly in the United States and West Germany, is illustrated by numer- 
ous tables and graphs covering production and sales of different types of 
plastics, plastics machinery, synthetic rubber. Of particular interest are 
tables comparing the trend in production of classic and the newer plastics in 
1959; an estimate of United States output in 1964, as compared with output in 
1959; West German average 1959/1960 prices of plastics and other construction 
materials; world trade and per capita consumption in a number of countries. 
The little book closes with a bibliography and a list of tables and graphs. 
[From Rubber World. ] 


Diz HocHMOLEKULAREN ORGANISCHE VERBINDUNGEN, KAUTSCHUK UND 
CeLLuLose. (High Monecutar Weicut OrGanic Compounps, RUBBER 
AND CELLULOSE). A reprint of the 1932 edition by Hermann Standinger. 
540 pages. Springer-Verlag, Berlin. Price DM.59. 


CONSIDERATIONS ON STYRENE BuTADIENE Evastomers (SBR). A paper 
presented by Edwardo Berti (The East Asiatic Company, Limited) June 22, 
1961 at the Instituto Argentino Elastomeros. This is a review of synthetic 
rubber chemistry, especially that of SBR. Considerable historical and com- 
pounding information is included. A 34 page typed copy is in the Division of 
Rubber Chemistry (ACS) Library, Akron University, Akron, Ohio. 


80TH MEETING DIVISION OF RUBBER CHEMISTRY ACS 
SHERMAN HOTEL, CHICAGO, ILLINOIS 


September 6-7-8, 1961 


Meetine HIGHLIGHTS 
. Dr. Melvin Mooney was elected the 1962 Charles Goodyear Medalist. 


An excellent Joint Symposium with the Petroleum Division on “Elasto- 
mers from Petroleum Hydrocarbons” was held under the chairmanship 
of Dr. W. J. Sparks with Dr. Harold Gershinowitz and Mr. George Vila 
presiding at the morning and afternoon sessions, respectively. 


. Mr. William M. Hess of the Columbian Carbon Company, Princeton, New 
Jersey, was the recipient of the Best Paper Award for ‘The Analysis of 
Pigment Dispersion in Rubber by Means of Light Microscopy, Micro- 
radiography and Electron Microscopy” which was presented at the 
Louisville Spring Meeting on April 19, 1961. 


. The Education Committee is endeavoring to conduct a correspondence 
course on rubber technology for the spring and fall of 1962. 


. Results of the 1962 election were reported. 
. C. D. Harries was voted to the Hall of Fame at the University of Akron. 


. Plans are progressing on a jet flight to Europe for Rubber Meetings. It 
appears that two jets may be necessary to satisfy requests. 


. W. 8. Coe, Chairman of the Division of Rubber Chemistry, was not able 
to attend this meeting because he could not get back in time from his as- 
signment in Argentina. 


. A number of items that were voted and approved by the Executive Com- 
mittee are as follows: 


a. The Assistant Treasurer will be the Advertising Manager as well as the 
Business Manager of RusBpeER CHEMISTRY AND TECHNOLOGY. 
b. The Assistant Secretary will become a member of the Executive Com- 
mittee. A bylaw change is being requested to cover this. 
. Any two of the four officers of the Division are required to sign checks 
or withdrawal slips from the Division’s bank accounts. 
. An audit should be made with change of Treasurers or every three 
years, whichever comes first. 
. It was decided not to have a ‘convention aboard ship”’. 
. A check for $300 will be made available to cover expenses for starting 
the correspondence program and to allow $700 additional (a total of 
$1,000) to cover any deficit that might arise from this program. 


xvii 


. 
| 3 
4 
6 
ed 
= 


. At the Business Meeting approval was given to bylaw changes (a) 
deleting delinquent charges on dues by both Members and Associates, 
(b) eliminating an Auditing Committee since we now use a commercial 
auditing concern, (c) having the Business Manager instead of the 
Editor of RusBperR CHEMISTRY AND TECHNOLOGY submit the budget for 
RC&T, and (d) making the Assistant Secretary a member of the 
Executive Committee. 


. A number of assignments are as follows: 


a. The Bylaw Committee is to check legal advice and then draw up the 
bylaw for disposal of funds in case of dissolution of the Division. 

b. The Secretary is going to request from the Executive Committee twenty- 
five copies of each nomination for the Goodyear Medal Award. 

c. The Secretary plans to request Members of the Division not to put 
anything in their ballot envelope but the ballot. 

. An exhibit will be held at the Cleveland Meeting in the fall of 1962 if the 
Future Meetings Committee advises the Chairman that sufficient space 
is available at the headquarters hotel. 

. The Chairman is to appoint a committee to recommend whether the 
Division of Rubber Chemistry should back a program of machine 
searching of the literature as proposed by Dr. Osterhof. 

. The Chairman will appoint a committee to determine whether the 
Division of Rubber Chemistry should have a paid Executive Secretary- 
Treasurer. 

. Membership cards are to be sent out after dues have been paid instead 
of with the dues announcement as is done now. 

. David Craig, Editor of Rusper CHemistry AND TECHNOLOGY, pro- 
posed that, in order to increase circulation of RusBER CHEMISTRY AND 
TECHNOLOGY, fliers be sent to the membership of other Divisions, such 
as the Polymer Division, in order to interest them in our Division and 
our publication. 

i. Plans for increasing membership will be initiated including working 
through a subcommittee consisting of two members each from local 


groups. 


TECHNICAL PROGRAM OF THE 80TH MEETING 


1—Introductory Remarks. W. J. Sparks, General Chairman. 


2—New Developments in Raw Materials for Synthetic Rubbers. Haro.p 
GerrsHINnow!Tz and D. B. Topp, Shell Development Company, 50 West 50th 
Street, New York 20, New York. 


3—Catalysts for the Polymerization of Isoprene to Trans-1,4-Polyisoprene 
(Synthetic Balata), J. S. Lasky, H. K. Garner, and R. H. Ewart, United 
States Rubber Company, Research Center, Wayne, New Jersey. 


4—The Polymerization of Butadiene with Alkylaluminum and Cobalt 
Chloride. Morris Gippin, Chemical & Physical Research Laboratories, The 
Firestone Tire and Rubber Company, Akron 17, Ohio. 


5—lInorganic Halides in Vinyl Pyridine Rubber. W. F. Bruckscn, Jr., 
U. 8. Rubber Co., Wayne, N. J. 
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6—Chlorobutyl Rubber—Optimum Processing Procedures. G. J. Zrar- 
NIK, Esso Research & Engineering Co., Linden, N. J. 


7—Anionic Polymerization of Dienes. Maurice Morton, Institute of 
Rubber Research, University of Akron, Akron, Ohio. 


8—Introductory Remarks. GrorGe Vita, Chairman. 


9—New Vulcanizing Systems for Ethylene-Propylene Elastomers. JoHN 
Reuner, Jr., Peter W. Wet, Esso Research and Engineering Company, 
Linden, N. J. 


10—Vulcanization of Chlorinated Ethylene-Propylene Copolymers. G. 
Crespi and M. Bruzzonr, Istituto di Chimica Industriale del Politecnico, 
Milano, Italy. 


11—Chemical Aspects of Ethylene-Propylene Rubber Vulcanization with 
Aralkyl Peroxide and Coagents. A. E. Rosinson, J. V. Marra, and L. 0. 
AMBERG, Hercules Powder Co., Wilmington, Delaware. 


12—Ethylene-Propylene Copolymers Produced with Soluble Catalysts. 
R. J. Ketty, H. K. Garner, H. FE. Haxo, and W. R. Brnenam, U.S. Rubber 
Co., Wayne, N. J. 


13—A New Hydrocarbon Elastomer—I. E. K. Guapprna, B. 8S. FisHer, 
J. W. Cotiettre and Coworkers, E. I. du Pont de Nemours & Co., Inc., Wil- 
mington, Delaware. 


14—A New Hydrocarbon Elastomer—II. J. J. Versanc, M.S. Fawcert, 
E. J. GotpBerG and Coworkers, E. I. du Pont de Nemours & Co., Wilmington, 
Delaware. 


15—Summary. Herman Mark, Polymer Research Institute, Brooklyn 
Polytechnic Institute, Brooklyn, N. Y. 


16—Effect of Block Structure in Ethylene-Propylene Rubber on Processi- 
bility and Physical Properties. C. FE. Scorr, AviSun Corp., Marcus Hook, 
Penna. 


17—Unsymmetrical Diisocyanates, II. L. C. Case, Dept. of Chemical 
Engineering, Purdue University, Lafayette, Ind. 


18—Compounding of Hydrocarbon Elastomers for Potential High Temper- 
ature Applications. J. K. Sreron, and K. Murray. Elastomers Section, 
Elastomers and Coatings Branch, Nonmetallic Materials Laboratory, Ma- 
terials Central, Aeronautical Systems Division, Wright-Patterson Air Force 
Base, Ohio. 


19—Compounding of cis 1-4 Polybutadiene for Pneumatic Tire Applications. 
R. J. Brown, J. F. Kerscuer, R. B. Knit and R. V. Topp, Goodyear Tire & 
Rubber Co., Akron, Ohio. 


20—Development of a Reinforcing Resin for Butyl Rubber and Other 
Specialty Elastomers. G. B. Frepa and R. L. Stuxey, Marbon Chemical 
Div., Borg-Warner Corp., Washington, West Va. 
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21—Transition Measurements Using Differential Thermal Analysis 
(DTA) Techniques. M. L. Dannis. B. F. Goodrich Research Center, Brecks- 
ville, Ohio. 


22—Use of Differential Thermal Analysis for Structural Characterization 
of Ethylene-Propylene Rubber. J. R. Knox, AviSun Corp., Marcus Hook, 
Penna. 


23-Identification of Rubber Elastomers by Mass Spectrometry. J. K. 
Puruurps, Goodyear Tire & Rubber Co., Akron, Ohio. 


G. E. Popp, Session CHAIRMAN 


24—“Blow-Point” in Tire Compounds. H. A. Freeman, Goodyear Tire 
& Rubber Co., Akron, Ohio. 


25—Improvements in Durability of Natural Rubber Vulcanizates. G. F. 
BioomFIELp, M. Brapen, J. R. Dunn, 8. G. and M. W. Puttport, 
Natural Rubber Producers Research Association, Herts., England. 


26—Temperature Coefficient of Vulcanization for Present Day Tire Com- 
pounds. J. C. Ampe.ane, K. C. Beacu, and D. F. O’Sutiivan, Goodyear 
Tire & Rubber Co., Akron, Ohio. 


27—DPG (diphenyl Guanidine) Accelerated Vulcanization. I. Gum 
Stocks. M. L. Srupespaker and L. G. Nasors, Phillips Chemical Co., Akron, 
Ohio. 


28—DPG (Diphenyl Guanidine) Accelerated Vulcanization. II. Carbon 
Black Stocks. M. L. SrupeBaKer and L. G. Nasors, Phillips Chemical Co., 
Akron, Ohio. 


29—DPG (Diphenyl Guanidine) Accelerated Vulcanization. III. The 
Action of “Soluble Zinc Sulfide’. M. L. SrupeBaker and L. G. Nasors, 
Phillips Chemical Co., Akron, Ohio. 


30—The Distribution of Rubber Literature. JonHn McGavack, Leonia, 
N. J. 


31—The South, Fastest Growing Rubber Area. D. A. Reneav and E. W. 
Howarp, United Carbon Co., New York, N. Y. 


32—Evaluation of Antiozonants via Stress Relaxation. G. E. Decker 
and R. W. Wisse, Monsanto Chemical Co., Nitro, West Va. 
THEODORE C. ARGUE, SESSION CHAIRMAN 


33—Gas Chromatographic Analysis of Antidegradants. R. W. Wise and 
A. B. Sutirvan, Monsanto Chemical Co., Nitro, West Va. 


34—Adsorption Chromatographic Analysis of Petroleum Oils. T. B. 
SMITHERMAN, Texaco, Inc., Port Arthur, Texas. 


35—Laboratory Method for Testing Rubber Release Agents. G. P. 
Yares and P. E. Oppticer, Dow Corning Corp., Midland, Mich. 
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36—Factors Controlling the Thickening of a Carboxylated Latex by a 
Polyacrylate Thickener. W. W. Wuire, Naugatuck Chemical Div., U. S. 
Rubber Co., Naugatuck, Conn. 


37—A Rugged Semi-automatic Extensometer for Measuring Elongation 
of Rubber. PautI. Donnetty, Hercules Powder Co., Wilmington, Del. 


38—Physical Test Methods for Critical Evaluation of High Performance 
Elastomers. C. F. Buatcn and T. M. Viau, American Cyanamid Co., Bound 
Brook, N. J. 


39—N,4-Dinitroso-N-Methylaniline as a Promoter for Hevea and SBR. 
L. A. WALKER and J. E. Kerwoop, Monsanto Chemical Co., Nitro, W. Va. 


40—An Electron Microscopic Reinforcement Criteria for Carbon Black 
Masterbatches. E. B. Prestripce, Copolymer Rubber & Chemical Corp., 
Baton Rouge, La. 


: 


CARL DIETRICH HARRIES (1866-1923) 


(On the occasion of his election to the International Rubber 
Science Hall of Fame, University of Akron, 
November 17, 1961) 


By 


G. STaAFFoRD WHITBY 


Citation.—Carl Dietrich Harries (1866-1923), primarily for providing, by 
ozonolysis, the first and still the most direct and clear-cut proof of the basic 
chemical structure of the rubber hydrocarbon; secondarily, for contributing 
to the early development of synthetic rubber by work on the production of 
the necessary dienes, their polymerization, and the structure of the polymeric 
products. 


Harries graduated in 1890 from the University of Berlin, and then served 
as lecture assistant to A. W. von Hofmann. During this service he, in 1891-2, 
made an observation that much impressed him and that later was crucial in 
his scientific career—the observation, namely, that nitrous gases and also 
ozone attacked rubber tubes through which they were passed. He did not 
have the opportunity of following up this observation immediately for shortly 
afterward, on Hofmann’s death in 1892, he was made a research assistant to 
Emil Fischer at Berlin, and for a period of years thereafter he conducted re- 
searches on a rather wide range of other subjects. 

When he was free to turn his attention to work on the treatment of rubber 
with reagents that might possibly break the hydrocarbon down into products 
that would throw light on its chemical structure, he chose first to study the 
action on rubber of nitrous gases (generated by the action of dilute nitric acid 
on arsenic), his first paper on this study being published in 1901. The products 
of the action were called nitrosites. This study, however, did little to elucidate 
the structure of rubber, and in 1903 Harries turned attention to the study of 
the action of ozone—a study which soon showed promise. 

The ozone first used, made in a laboratory ozonizer, was too weak to be 
effective, but fortunately Harries had a connection with the electrical firm of 
Siemens (his wife was a daughter of Werner von Siemens, who, in 1847, had 
been the first to apply gutta-percha as electrical insulation) and this firm de- 
signed and built for him an ozonizer adapted to give a stream of stronger (6%) 
ozone. By treating rubber in solution with this ozone, Harries was able to 
obtain from rubber, after removal of the solvent, a syrupy liquid or glassy 
solid—an ozonide, (C;Hs03)n. 

In order to provide a basis for the further study of this product, Harries 
turned for a time to an examination of the action of ozone on simple unsaturated 
molecules, publishing a series of papers thereon in the early part of 1904. 
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From this work, it appeared that in general the action of ozone on unsaturated 
compounds was to add to the double bond to form an ozonide, thus: 


>C:C< + 03 > C 


and, further, that the subsequent action of water on the ozonide was to bring 
about its scission and cause the appearance of carbonyl groups on the carbon 
atoms that originally formed part of the double bond, thus: 


>C———-C < + H.O ——— >CO + OC< + 
Os 
C 
Where the carbon of the double bond was tertiary, one :, the product was a 


C 


H 
\ 


\ 
C:, the product was an aldehyde 


ketone; where the carbon was secondary, 


C 
(which might in turn be in part oxidized to a carboxylic acid by the hydrogen 
peroxide arising from the hydrolysis). The procedure of thus rupturing a 
double bond by, first, addition of ozone, and, second, hydrolysis of the ozonide, 
is referred to as ozonolysis. It gives from the original unsaturated compound 
oxygenated fragments capable of forming crystalline derivatives and thus 
readily identifiable. 

In the later part of 1904 Harries described the ozonolysis of rubber’. The 
products were found to be levulinic aldehyde, CH;COCH:CH2CHO and 
levulinic acid, CH;COCH,CH.COOH. (The former of these two compounds 
had been discovered by Harries himself when, in work related to the chemistry 
of sugars, he had subjected alpha-methylfuran to acid hydrolysis*.) This 


CH; 
result made it clear that the fundamental structural unit in rubber was | 
Cc C H. 
-CH,-CH: which represents the scissionable unit arising from the 1,4- combina- 
CH; CH; 


tion of isoprene molecules, as in | | 

In a second paper on the ozonolysis of rubber’, Harries pointed out that the 
simplest chemical molecule compatible with the ozonolysis was 1,5-dimethyl- 
cycloéctadiene-1,5, CH;-C- CH,-CH2:-CH . Such a molecule would be 

CH-CH,-CH;-C-CHs; 
expected to correspond to a liquid. And, in order to explain the fact that rub- 
ber was a colloidal solid of high molecular weight, Harries called in the idea 
that this simple ‘chemical’? molecule was “aggregated” to form a polymer, 
thanks to secondary forces similar to the “partial valencies’”’ assumed by Thiele 
to explain the saturated nature of the benzene ring. 
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Later (1914) Harries saw reason to suppose that the assumed ring must be 
CH; 
larger and must embrace at least five | units. He found 
:C-CH.-CH2-CH: 
that when the double bonds of rubber were saturated by the addition of hydro- 
gen chloride, and when the elements of HCl were then removed by treatment 
with pyridine, the hydrocarbon thus “regenerated” gave on ozonolysis, in 
addition to levulinic aldehyde and acid, a variety of other products, including 
in particular the Cis compound, pentadecatetrone. These results indicated, not 
only that a shifting of the double bonds had taken place during regeneration of 
the hydrocarbon from its hydrochloride, but that the ring thought of as the 
“chemical” molecule of rubber must comprise at least five isoprene units. 
(For an account of this work in English, see reference 4.) 

It is to be remembered that Harries was working before the period of 
modern polymer chemisty—before it was realized that the basic chemical units 
of polymers are combined by primary valencies into macromolecules, and when 
it was thought that the colloidal properties of polymers of high molecular weight 
arose from the aggregation of smaller molecules by secondary forces—forces 
assumed by Harries in the case of rubber to be associated with the unsaturated 
centers. Harries realized that in this connection it would be crucially impor- 
tant to hydrogenate rubber (thus causing the unsaturated centers to disappear) 
and to examine the product®. Just before his death he succeeded in bringing 
about such hydrogenation®. It remained, however, for Staudinger (1924) to 
pursue this point; to show that rubber on hydrogenation gave a high-molecular, 
colloidal elastic material, and to draw the conclusion that rubber had a macro- 
molecule in which the basic chemical units were combined by primary valencies. 

By his application to rubber of the ozonolysis procedure discovered by him 
for the elucidation of the structure of unsaturated compounds, Harries at one 
stroke made clear the basic chemical structure of the rubber molecule and pro- 
vided a firm foundation for the later development of knowledge of the chemistry 
of rubber. How dramatic was the advance that he made can be suggested by 
noting the fact that just prior to his work, although it was realized that rubber 
had some relationship to isoprene and the terpenes, so little was clear as to its 
structure that C. O. Weber in his classical book of 1902, “The Chemistry of 
India Rubber’’, stated (pp. 23, 31) that there was “‘little doubt that india rubber, 
for CioHis, contains three [!] pairs of doubly-linked carbon atoms’’. 

In addition to his work on the elucidation by ozonolysis of the basic chemis- 
try of rubber, Harries contributed a good deal otherwise to the progress of 
rubber chemistry in its early days. In 1905 he showed that gutta-percha gave 
the same ozonolysis products as rubber, and suggested that it was a stereoiso- 
mer of rubber’. During the first decade of the present century he did pioneer- 
ing work on (1) the synthesis of isoprene and other dienes, (2) the polymeriza- 
tion of isoprene, and (3) the study, by means of ozonolysis, of the structure of 
synthetic rubbers made from a variety of dienes by a variety of polymerization 
methods. 

Worthy of note in this connection are the facts (1) that he developed the 
so-called isoprene lamp* in which isoprene is produced by passing the vapors of 
terpenes over an electrically-heated spiral—a method actually used in the 
United States during the last war for the commercial manufacture of isoprene 
from dipentene, (2) that he discovered, independently of and almost simul- 
taneously with Matthews and Strange in England, the use of sodium for the 
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polymerization of isoprene (This discovery, later used in Germany and Russia 
for the manufacture of polybutadiene, involves, it must be confessed, no great 
degree of originality, in view of the common practice, for drying purposes, of 
leaving liquids in contact with sodium. Harries himself in fact mentions earlier 
the use of sodium to dry the fractions obtained by the pyrolysis of rubber’.), 
and (3) that he showed, by ozonolysis, that the rubber obtained by the sodium 
polymerization of dienes is not of regular, 1,4- structure, but contain 1,2- and 
3,4- units. 

The ozonolysis of unsaturated compounds discovered by Harries has proved 
over the years to be a reliable and vastly important method of determining the 
structure of a wide range of organic compounds, not only in rubber and the 
terpene series, but also in unsaturated fatty acids, vitamins, etc., ete. Recent 
important applications of it have been in the study of the biogenesis of rubber. 

The outstanding importance of Harries’ ozonolysis reaction was recognized 
by his appointment in 1904 as Professor of Chemistry at the University of Kiel 
and his election in 1920 to the presidency of the German Chemical Society. 
In 1923, he, alas, died, from cancer, at the age of 57.” 
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ABSTRACT 


The design of chemical reactors for polymerization and degradation processes requires the 
consideration of the kinetics of reaction systems which may contain several hundred or even 
thousand consecutive and simultaneous reactions. The problem is further complicated by 
the fact that the kinetic mechanisms for these processes are not well established. 

The present paper is a theoretical analysis of addition polymerization, copolymerization 
and degradation systems occurring in both continuous stirred tank and batch reactors for a 
number of kinetic models reported in the literature. Analytical solutions are derived for the 
steady state continuous process. In the batch process a steady state is not assumed and 
approximately 200 simultaneous first order differential equations for species concentrations 
are solved numerically. 

The paper is divided into three parts. Addition polymerization is discussed in the first 
part for each of the special cases of monomer, spontaneous, combination and disproportiona- 
tion termination. For the continuous process, the steady state concentrations of the polymers 
are obtained and the molecular weight distribution function and the optimum isothermal 
operating temperature are discussed. For the batch process, the rate equations are solved 
numerically by the Runge-Kutta method on a digital computer and the effects of the system 
parameters on the monomer concentration profile and the molecular weight distribution are 
examined. By the use of numerical methods with a digital computer it is possible to obtain 
the concentration of each of a large number of polymer species during the course of polymeriza- 
tion. The result of computation shows that the steady state assumption for active polymer 
species is not accurate, especially in early stage of reaction, and as well, is inaccurate also for 
high molecular weight active species. In the case of spontaneous termination, the rate of 
monomer consumption is slower than that in the case of monomer termination, because the 
monomer is reproduced by the termination process of the active polymer, P;. The profiles 
of monomer concentration and molecular weight distribution are the same for the cases of no 
termination and combination termination. d 

Essentially the same treatment is made for copolymerization in the second part. This 
time the two simultaneous algebraic equations for the monomer concentrations are solved by 
the Newton-Raphsom method and these are then used to obtain the steady state concentra- 
tions of the copolymer species as functions of the system parameters. e analysis of the 
batch case involves the numerical solution of 194 simultaneous nonlinear first order differential 
equations. It is shown that the steady state approximation for the active copolymer concen- 
trations cannot be made. There is a little delay in the formation of the dead species relative 
to that of the corresponding active copolymer. This is expected, because the dead species are 
produced by the termination reactions of the corresponding active species. 

In the third part, degradation is considered as random scission, as a chain reaction, and as 
a reverse polymerization. The rate equations describing the random scission process in a 
batch reactor are shown to be linear so that they may be solved by methods of straightforward 
integration and by matrixes, while the chain reaction and reversejpolymerization mechanism 
require the same numerical techniques as used for polymerization. 
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A. ADDITION POLYMERIZATION 


DEFINITIONS 


Prior to the discussion of polymerization kinetics, some definitions and 
classifications will be given. 

The basic element of a polymeric substance is called a structural unit. In 
linear polymers, the structural units are interconnected, one to another, in 
linear sequence. Such a polymer may be represented by the type formula 


A'(—A—)s-2 — A” 


where A represents the principal structural unit and x is the degree of poly- 
merization, or the number of structural units in the molecules. All monomers 
whose molecules which to polymerize may join with two and only two other 
monomer units are termed bifunctional. Therefore linear polymers are com- 
posed of bifunctional units and nonlinear polymers may be defined as those 
containing units which are polyfunctional. Copolymers are polymeric sub- 
stances, the molecules of which contain two or more structural units combined 
more or less in random sequence. For instance, nitrile butadiene rubbers 
(NBR) is a copolymer of butadiene and acrylonitrile. In condensation poly- 
mers, the structural units lack certain atoms present in the monomer from which 
they are formed. The polyamides and polyesters are condensation polymers. 
In addition polymers, the empirical formula of the structural unit is identical 
with that of the monomer from which the polymer is derived. The polymers 
derived from ethylene, vinyl chloride, and styrene all belong to the addition 
polymer class. 


MECHANISM OF ADDITION POLYMERIZATION 


The process of addition polymerization is a chain resction. It is charac- 
teristic of molecules which possess a particular type of reactivity. Polymer 
chain growth is not as a rule accomplished by the successive addition of polymer 
chains already formed to another already formed, but by the addition in suc- 
cession of monomer units to an activated monomer unit or to an active polymer 
chain molecule, P,, thus 

initiation Mi 
1 mmo — P» etc. 
propagation 


until deactivation (or termination) occurs. The growing chain may be a 
radical, an ion, an ion pair, a complex, etc. In the treatment presented here 
only radical polymerization is considered, i.e., the growing chain is a growing 
radical. 

It is usual to resolve the chain process into three fundamental stages; 
initiation, propagation and termination. In formulating the complete mecha- 
nism of addition polymerization, it is necessary that the nature and kinetics of 
each fundamental stage be specified. 

a) Initiation: Initiation involves the production of active molecules which 
may be free radicals formed either thermally or photochemically. The initia- 
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tion stage can occur mono- or bimolecularly. Ethylene derivatives, especially 
styrene, vinyl esters, and vinyl chloride, can be activated thermally by heat, 
radiation, and by free radicals derived from the breakdown of monomer with 
ultraviolet light. Irradiation of most monomers with ultraviolet light results 
in fairly rapid polymerization. It is postulated that the initial step is the 
formation of a diradical due to the excitation of the electrons of the double bond 
to such an extent that they become unpaired. Sodium and other alkali metals 
increase the velocity of formation of polymerization nuclei by ‘‘adsorption” on 
the double bond. Initiation processes including radical types, are discussed in 
detail in various texts':?*4, A table of catalysts which can initiate poly- 
merization was made by Burk, Thompson and Williams’. 

b) Propagation Process: Once a monomer is activated to a free radical, it 
may add further monomer molecules easily. The velocity of chain growth is 
higher than that of the initiation process, because the activation energy is 
lowered by the unsaturated character of the longer chain. 

c) Termination Process: 


1. Spontaneous termination.—The active molecule P, may be deactivated 
(or become “‘dead”) spontaneously in the bulk phase or by collision at the wall 
of the reactor. This process can be written as 


P,—M, 


2. Monomer termination.—Polymer growth consists of the addition of a 
monomer to the end of a growing chain, and this requires collision between the 
two reactants. Because a propagation process has an activation energy, only 
a small fraction of collisions will be truly effective in growing the chain. Some 
collisions may deactivate P, to a dead polymer, the formal monomer termina- 
tion being 

P, + M, = 


3. Mutual termination.—The mutual deactivation of two free radicals can 
take place in two distinct ways; either the two radicals combine to give a single 
inactive molecule, or, by the transfer of an atom from one radical to another 
they yield a saturated and an unsaturated molecule. Formally, 


P,+ Mr. combination 
P,+P,—M,+M, disproportionation 


BATCHWISE ADDITION POLYMERIZATION 


Addition polymerization, as for other types of reactions, can be carried out 
batchwise, or continuously for instance, in a continuous stirred-tank reactor. 
Batch reactors are frequently used for kinetic studies in the laboratories. 
When the production required is small, batch reactors are used because of 
lower initial cost. In a batch process, the reaction rate changes with time 
because of the change in the compositions of the reacting mixtures. The 
mathematical treatment of the batch kinetics becomes more difficult when the 
reaction involves a number of consecutive steps. For each of these steps, one 
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can make the material balances by differential equations containing the con- 
centrations of the species and the reaction rate constants. When the reaction 
order or the number of consecutive reactions is increased, the system of differ- 
ential equations is nonlinear and there is usually no method to solve it ana- 
lytically. For the kinetic analysis of addition polymerization in batch reactors, 
one has to solve ideally an infinite number of simultaneous nonlinear first order 
differential equations. 

Assuming the velocity constants of all individual propagation reactions are 
identical, and neglecting entirely any termination process, Dostal and Mark® 
obtained a solution for batchwise addition polymerization. Their solution was 
based upon the assumptions that the velocity constant for a propagation 
process equals one; i.e., k, = 1 and by a transformation of the time scale, 
(putting M,dt = dz), the differential equations were linearized and the inte- 
gration was obtained. 

Gienll and Simha’* also worked on this problem. They extended the 
treatment to cases including monomer termination processes. They introduced 
a new independent variable 


The quantity k,M,, a variable, is given the same role as a reaction-rate coeffi- 
cient in order to linearize the differential equations. The value of ¢ corre- 
sponding to a given value of ¢ can be found from a plot of the weight of the 
polymerized material versus the time elapsed. Their approach is not appli- 
cable when the initiation is not a first or second order reaction or for the case 
of mutual termination, because in such cases the differential equations cannot 
be linearized by introducing a new independent variable ¢. 

Other approaches to batch kinetics of addition polymerization were made 
by Gee and Melville® and by Herington and Robertson’. They considered 
the case when the life of the growing polymer is very short compared to the 
duration of reaction, and assumed a steady state for the concentration of each 
of the active polymers, P,. They also assumed that the ratio of the velocity 
constants of propagation and termination is constant throughout the reaction 
sequence. Based upon these assumptions, they obtained a solution for the 
system of linear differential equations. 

From the above review of the literature, it is clear that a completely general 
solution for the batchwise kinetics of addition polymerization has not been 
achieved. One new approach to the solution of nonlinear differential equations 
is by numerical methods. It is a purpose of this paper to analyze the problem 
by the use of a digital computer. It is also hoped that the effects of parameters 
on the molecular weight distribution of polymers can be seen. 


ADDITION POLYMERIZATION IN A CONTINUOUS STIRRED TANK REACTOR 


In a continuous stirred flow process, the basic assumption is made that the 
concentration of each individual tank is uniform throughout its contents, and 
is equal to the outlet concentration. 
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Denbigh"! and Macmullin'® discussed this problem briefly. They made 
the comparison of ouput per unit volume of reaction space in batch and con- 
tinuous stirred tank reactors. Denbigh pointed out that there is always a 
bypassing loss or “escape”, i.e., a certain fraction of feed stream appears in the 
outlet stream and is lost from the vessel before it has time to react. Thus there 
is a distribution of residence times, and the average residence time is the reactor 
holding time. 

Denbigh'® derived the equations describing the kinetics of steady-state 
addition polymerization in a single continuous stirred tank reactor. He dis- 
cussed the effect of both batch and continuous processes on molecular weight 
distribution. He showed that the product of addition polymerization in the 
homocontinuous process is more uniform than in the batch process if the life 
of the growing polymers, P,, is short compared to the time of passage. In this 
case the escape from the vessel of the growing polymers is negligible and the 
constancy of composition in a continuous tank reactor tends to reduce the 
spread of molecular weight. If the life of the growing polymer is long compared 
to the time of passage, the product of continuous process has broader distribu- 
tion. This is due to the “mathematical” bypassing of individual molecules, 
and the difference in their holding times. He obtained an expression for the 
weight fraction of polymer, W,, as a function of the degree of polymerization, 
r, reaction velocity constants and the steady state concentration of monomer. 
However, he did not obtain the value of the steady state concentration of the 
monomer. He assumed a value for it and proceeded to calculate the molecular 
weight distribution of product from a single stirred-tank reactor. 


I. CONTINUOUS PROCESS 


(M2). (P2)n 


1 3 n (P,) n 


A. TERMINATION BY MONOMER COLLISION 
1) General Solution 


In the continuous process we assume a number of reactors in series and 
assume that each is stirred sufficiently well so that (a) the overall production 
rate of each molecular species is the same as if the mixing were perfect and 
(b) the composition of the effluent is the same as the average composition in 
the tank. We also assume no volume change during reaction so that the flow 
rates into all reactors are the same. 

Consider the initiation reaction as first order, the propagation reaction 
second order, and the termination reaction second order by collision of monomer 
with active polymer. In our notation, P, is the active polymer and M, the 
dead or inactivated polymer, each with degree of polymerization r,M; is the 
monomer. 
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Initiation; 


ki 


Propagation; 
Mi + P,— 


Termination; 
M, + P-— 1 


volume of mth reactor, liters 
volumetric flow rate, liters/sec 
6, = nominal holding time of reactor n, = V,/q, sec 
(Mi), = monomer concentration in reactor n, g mole/liter 
(M,), = concentration of the rth dead polymer in reactor n, g mole/liter 
(P,), = concentration of the rth active polymer molecule in reactor n, g 
mole/liter 
k; = initiation rate coefficient, sec~' 
p, = propagation rate coefficient for chains of degree of polymerization r, 
liter/g mole sec. 
t, = termination rate coefficient for chains of degree of polymerization r, 
liter/g mole sec. 


The reactors are alike for purposes of analysis in that the feed composition 
to each is the same as that of the contents of the previous reactor; except that 
the concentrations of polymers in the feed to the first tank are all zero. (My)o 
is the concentration of monomer in the feed to the first tank. 

The rate at which M, enters reactor m is g(/M,),—1; the rate at which it leaves 
is g(M,)n. The rate at which M, is formed is V,f,-:(P--1)(M1),, so we can 
write the mass-balance equation 


— + = 0 for > 2 
or, after dividing by V, 

6, — (Mr) + = 0 for r>2 (1) 
Similarly for the active chains P, the mass-balance is given by 


(P,)n] + (My) aL pr—1(Pr—1) (pr + 0 
for r>2 (2) 


For r = 1 we have the special mass-balance equations 


— (Pa)n] + (Ma) — (pr + = 0 (3) 


— (Mia) — + (4) 


r=l1 


Let 
con 
| 
— 
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For the solution of these equations we treat the feed composition as known. 
We obtain expressions for (P,), as functions of feed composition and monomer 
concentration, and substitute these into equation (4) which must then be 
solved for monomer concentration. First we solve equation (3) for (P1)n; 


+ pi + 


Then setting ry = 2 in equation (2), substituting the above expression for (P)),., 
and rearranging, gives 


(Ps)n 


(Pi)n 


Rips 
+ pr + (Mi) a! + po + 
pi 
+ pit + p2 + 
+ po + 


These expressions become more complex as r increases, but they may all be 
written 


ki Py 
(Py). = — II 
pr y=1 a! + Py + ty 


+ 


1 r r Py 
| 
(M1) = + py + by 


By substituting equation (5) into (1) and solving for (M,)n, we obtain 
r—1 Py 


(M;)n = + Ontr—1(M1)n [= Il 
ky y=1 + Py + ly 


r—1 r—1 Py 
Pada il 
(M1) + Py + ty 


] for r > 2. 
(6) 

Now we are ready to substitute for (P,), in equation (4), which yields 

(My) n—1 — (Mi)n — Onki(Mi)n 


r Pu 
(1 + Il 


On + Py + ty 


r=1 


r Py 
+ ] (7) 
+ py + ty 
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as (M,), increases, the left side of (7) decreases and the right side increases, 
so there can be only one solution for (M;),. It is also clear that there is a 
solution since the right side starts at zero, while the left side starts at (Mi) »-1 
and decreases linearly. The summation to infinite r can easily be shown to 
converge even when /,—> 0. The solution of (7) is substituted into (5) and (6) 
to obtain all values of (P,), and (M,)n. It is of course necessary to start with 
the first reactor and proceed with the reactors in order so that the successive 
feed compositions will be known. 

Graphical Solution: Equation (7) can be solved graphically by letting the 
left side be represented by f and the right side by g. The function, f, is easily 
plotted because it is a linear function of (M;),, a few values of g may also be 
plotted and a curve may be drawn intersecting f at the value of (M;), which 
satisfies equation (7). 

Numerical Solution: As before let f and g be the left and right sides of 
equation (7), choose a value of (M;),, and calculate the value of g. Let 
g/(M,)» = a, and solve the linear equation f = a(M;),. This gives a better 
value of (Mi)n. The process is repeated until a value of (M;), is found which 
makes the value of f sufficiently close to the value of g. Convergence is rapid 
and the method is convenient for use with digital computers. 


2) Simplifications 


If one assumes that the reaction velocity constants for propagation and 
termination are independent of molecular size, i.e., 


Then from equations (5) and (6), for nm = 1 


ky 
(P,)1 =—¢;’ 
k 


Pp 


= r>2. 
(Mi)ikp 
+ (My)ilkp + Ry) 
The sum of equations (3) and (2) to infinity gives 


= 


By substituting equation (10) in equation (4), one obtains the following quad- 


& 
pi=pr= =pr=ky 
== kh, 
(8) 
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ratic equation in terms of (Mi); 


(ke + Rik p01 + iki) 
+ + ky — — = (11) 


Solving equation (11) for (M,); and discarding the negative value because the 
positive value must be chosen for the concentration of monomer, 


—Bi + VB? + 4am 
(Mi): = (12) 


2a, 


ay = ky + + 

Bi = + ki — (Midoke 

v1 = 61-"(Mi)o 
From equation (5), for m = 2 

(P,)2= a2’ + a2" 
ky(Mi)2 
+ (Mi)o(kp + 

Substituting equation (8) into equation (13) 


kp 


= 


The summation of the right side can be easily found; then the above equation 


becomes 
= + | | 
ky a1 — 02 


Similarly 


= 


Pp 


k, k; — 102" 
+ 1+ ( (15) 


kp ie 


Equations (14) and (15) are the expressions for polymer concentrations as 
functions of parameters. For m = 2, the sum of equations (3) and (2) to 


| | 
where 

(14) 

ky 
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DX (Pr): + O2ki(M1)2 
1 


(P,)2 


1 + 


1 
(P,)2 = a2 = 
1 1 + 
Substituting equation (17) into equation (4) for mn = 2 
(Mi): — (Mi)2 — E 
+ 


After simplifying the above equation, one obtains the following quadratic 
equation as a function of (M,)2 


[ke + + 202k ik: 
+ [(kp + + + Ri — — (18) 


The solution of equation (18) is 


— VB? + 


(Mi): = 


2az 


as = kt Ook + Ook 
= (kp + + + Ri — (Miike 
¥2 = 


Thus a sequence of steady state concentrations of monomer and the molecular 
weight distribution of polymers from each reactor can be calculated. 


3) Molecular Weight Distribution 


Many physical properties, such as diffusion, sedimentation, solubility, 
volatility, and distribution between liquid phases are related to the size of a 
molecule. Based upon this principle, a mixture of polymer molecules can be 
separated into a number of fractions. Then the molecular weight of each 
fraction is measured and a weight distribution curve of the fraction can be 
obtained. The experimental data may be plotted as a population curve, as 
shown in Figure 1-a, by plotting the percentage weight of fraction against the 
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Fic, 1-a.—Population curve. Fic, 1-b.—Integral distribution curve. 
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molecular weight or its equivalent value such as the degree of polymerization 
or viscosity. 

The integral weight distribulion curve is obtained by plotting the cumulative 
weight percentage of the polymer fractions against the degree of polymerization 
or chain length, as in Figure 1-b. Such a plot results in a step curve, through 
which a continuous curve can be drawn. When each fraction contains a very 
short range of the degree of polymerization, the step curve and the continuous 
curve will be almost identical as shown in Figure 1-c. 

The differential weight distribution curve is obtained by the graphical 
differentiation of the continuous integral weight distribution curve by dividing 
Aw, the change in weight fraction, by Ar, the increment of degree of poly- 
merization, as shown in Figure 1-d. One can imagine that if Ar equals one, 
then the weight of rth polymer species is a good approximation to the slope 
of the integral weight distribution curve at the point with a degree of poly- 
merization r. 

The integral weight or the differential weight distribution curve is of more 
value than the population curve for the comparison of one distribution curve 
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with another. The weight fraction, W,, and the number and weight average 
of chain length, 7, and +, are defined as follows: 


r(M,) 


1 


r(M,)dr 


(M,)dr 


r?(M,)dr 


/ r(M,)dr 


If one differentiates equation (20) with respect to the degree of polymeriza- 
tion, r, and the result is equated to zero, the condition for the maximum in 
the distribution curve is obtained. That is 


(20) 


5, = 


(23) 


and the corresponding value of r is called the most probable degree of poly- 
merization. 

Now consider the molecular weight distribution of the product from con- 
tinuous addition polymerization. The feed into the first reactor contains 
only monomer and the total weight of polymer is then 


ML(Mi)o (M,):] 


where My is the molecular weight of monomer in grams, (M;)o the molar 
concentration of monomer in the inlet stream and (M;); the molar concentra- 
tion of monomer in the effluent. 

The weight of rth polymer species is 


+ (M-):] 
therefore from equation (20), the weight distribution function is 
+ 
(Mi)o — (Mi): 


(Wei = 


m 
me 

(1) 

ow, 

or = 
(24) 
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The substitution of equations (8) and (9) into equation (24) give 


k; 
(W,)1 = + ] 
C(Mi)o — (Mi): 


(Mi)ikp 
+ (Mi)ilkp + ky) 


= 


as defined before. In order to find the maximum weight fraction of polymer, 
differentiate the right side of equation (24) with respect to r and set the result 
equal to zero; 


[r(o,") In + 


C(Mi)o — (Mi): 
+ In + = (26) 


Divide equation (26) by 


k; 
C(Mi)o — (Mi): 


and obtain 


Solving the above equation for r and letting the solution be (r,,);, one obtains 


(rm), may be called the most probable degree of polymerization in the product of 
the first reactor. The weight fraction corresponding to the most probable 
degree of polymerization can be found by substituting equation (27) into 
equation (25): 


ki 
[(Mi)o — (Mi): Jkp 


x |(—) + (—) (28) 


In o; no, 


(W,)im 


The weight fraction of polymer species with degrees of polymerization between 


where 
ki 

(rm)1 

In 01 
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r, and r2 is approximately 


k; 
/ W dr = 
n [(M,)o (Mi): Jep(In 


In 1) + My) "(re In 1) 


The number average chain length is 


+E 1+ — 01) 
2 


1 


= (30) 
+ (Me) (1 — + — 
1 2 


4) Optimum Operating Temperature and Optimum Holding Time 


Consider the process of addition polymerization in a single stirred tank 
reactor with a fixed holding time, and suppose that one wants to find the 
temperature at which the weight fraction of the rth polymer species in the 
product will bea maximum. Equation (25) must be differentiated with respect 
to the temperature and the derivative set equal to zero. Assume that 


ky = pin 

ky = 

= 
where £; is the activation energy for initiation process, E, the activation energy 
for the propagation process and E, the activation energy for the termination 
process. Then from equation (25) it is seen that o,; and (M;); are functions 


of temperature. Therefore, theoretically, one can find an optimum tempera- 
ture by solving the following equation for temperature; 


ow, 
oT 


= 0 


There is some difficulty in differentiation. However, the solution of the above 
equation can be achieved by an iteration procedure. 

It is clear that the weight fraction of polymer corresponding to the most 
probable degree of polymerization is the maximum. Based upon this relation, 
one can find the optimum temperature for the maximum yield of the rth 
polymer. From equation (27) and the expression for o;, obtain 

—1 
(rm) 1 (31) 


| ky(Mi)1 | 
+ (Mi)i(ke + Rp) 


2 
1 
| 
a 
4 
| 
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The substitution of equation (12) in the above equation leads to 
—1 


(rm)1 


— Bit + 


2a; 


| 


In 4 


— Bi + vBi? + 4ary 
| 


Ep/RT 4 
] Cp J 


where 
ay = Bit 4 Bit BO/RT 
By = Oy + — (My) 
v1 = 


Equation (32) expresses the necessary condition fora maximum. This relation 
can be solved by trial and error for the optimum temperature. 

Similarly, if the operating temperature is fixed and one wants to find the 
optimum holding time, one has to find the holding time which satisfies the 
following relation: 

—1 
(rm) 1 (33) 
k E + 


2a; 


In ¢ 


vB? + 4ary: 
+ | 
L 2a; 


+ 
k, + Akiky + ik: 
Bi = + ky — (Midoks 
v1 = 
5) Numerical Examples 
(a) An addition polymerization proceeds in a series of continuous stirred 
tank reactors. The operating temperatures for all reactors are the same. The 
following values of the parameters have been fixed: 
(M,)o = 1.0 g mole/liter 
6, = 62 = 63 = 1.2 hr 
= 0.03 1/hr 
k, = 60 liter/g mole hr 
k, = 1 liter/g mole hr 


No. of reactors, V = 3 
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6.0 


x 10% 
— 
- 


(M),=1.0 g mole/ liter 

\ kj = 0.03 

(Mp) kp=60 liter/g mole hr 
ky = 10 liter/g mole hr 

O=1.2 he 

N=3 


5.0 


CONCENTRATION, (P,)y, (Mply, mole /liter 


-- 
- 


DEGREE OF POLYMERIZATION, r 


Fic. 2.—Continuous addition polymerization—monomer termination. The 


concentrations of polymers vs. the degree of polymerization. 


Calculate the steady state concentrations of monomer and polymers and the 
molecular weight distribution in each reactor. Also calculate the most prob- 
able degree of polymerization and the corresponding weight fraction and the 
average chain length of polymers in the first reactor. 

From equations (12) and (13), the monomer concentration in each reactor 
can be obtained. 


(M,); = 0.53816 g mole/liter 
(Mi)2 = 0.31659 g mole/liter 
(M,)s = 0.13953 g mole/liter 
The values of (P,);, (M,)1, (P-)2, (M-)2, (P-)2 and (M,)3 can be calculated 
from equations (8), (9), (13) and (14). The weight fractions of polymers 
can be obtained from equation (24). 
The concentrations of the polymers in each reactor are plotted in Fig. 2. 


It is seen that for the same length of polymer, the concentration of the active 
polymer is higher than that of the dead polymer in the first reactor, i.e., 


(Pz): > (Ma), > 
In the second reactor the following relations were obtained: 


(P,)2>(M,)2 for r>4 
(Py)2<(M,)2 for r<4 


|_| 
= 
(Pp), 
(My); 
i, 
1.0 
x 
: 
) 20 40 60 80 100 120 140 7 
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and in the third reactor the result is as follows: 


(P,)3 > (M,)3 for r> 18 
(P,)3 < (M,)3 for r< 18 


It is seen, that by increasing the number of reactors, the concentration of 
dead polymer will be higher than that of the corresponding active polymer. 
This is due to the fact that the active polymer in the product from the (w — 1)th 
reactor, (P,),-:, can be transformed by propagation and termination reactions 
in the mth reactor. However, the corresponding dead polymer, (M,)»—1, cannot 
react further. In the mth reactor the dead polymer, (M,)n,, can be formed by 
the termination reaction of (P,),; therefore (M,), will exceed (P,), eventually. 


24 


2 
2 
WwW 
a 
z 
x 
= 


120 140 
DEGREE OF POLYMERIZATION, r 


Fic. 3.—Continuous addition polymerization—monomer termination. 
olecular weight distribution. 


In Figure 3 are plotted the molecular weight distributions of polymers in 
each reactor. 

The most probable degree of polymerization in the first reactor can be 
obtained from equation (27); 


Ing; In (0.9592) 
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and the corresponding weight fraction can be calculated from equation (28), 


(0.03) (24) 
0.9592)?4 
(1 — 0.53810)(60) 


(Wy) im 


+ (1.2)(1)(0.53816)(0.9592)?* = 0.01601 


These two values are the same as those obtained in Figure 3. From equation 
(30), the average chain length 


1 + (1.2)(1)(0.53816)(2 — 0.95925) 
"(1 = 0.95925) + (1.2)(1)(0.53816)(1 — 0.9592)(0.9592) 


25.34 


Vv 


B. THE EFFECT OF COMBINATION TERMINATION 


In this section, let us consider the case when the two active radicals combine 
to form a dead polymer. The initiation and propagation reactions are the 
same as in the case of monomer termination, but the termination reaction 
is now 


lon 
Fs P,— Mra 


It will be assumed that /,, = /,f,. This assumption has been applied previ- 
ously by several workers®:!>, 
The new mass-balance equations are 


r—1 
n—1 (M-)n] + tAP made 0 for r > 2 (1’) 


r=! 


— =0 for r>2 (2) 
r=) 


n—1 (Pi) + pi(Pi)» ] thP da = 0 (3’) 


As in the previous section we work successively with equation (3’) and 


equation (2’) with r = 2, 3, --- to obtain in general 
kyr 
= — - [+ 
z=1 
py 
Il (5 ) 
r=! 


z=1 


> 
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Solve equation (1’) for (M,),: 


(My)n (M,)n—1 + 30, AP rade (6’) 


Equation (5’) differs from (5) in having two unknowns, (My), and >: t.(P2)n. 
Denote these temporarily by X and Y. Two equations are needed to evaluate 
these unknowns. One is found by multiplying (5’) by p,, summing from 1 to ~ , 
and substituting the sum into (4’): 


(Mi) — X] — Xk; — Xk; I 
r=1 y= + tyVY) + py 


r=1 r=1 X-"(6,-! + + Py 


The second is found by multiplying (5’) by p, and summing: 


ol ir Py 
py v=t + + Py 


L iy r r Py (7b’) 
r=1 p, v=z + + py 


Numerical Solution: Choose initial values of X~' and Y and evaluate the 
four infinite sums. Substitute these into equations (7a’), (7b’) and divide 
(7a) by X. This gives two linear equations in X-! and Y. The process is 
repeated until the equations are satisfied with sufficient precision. We then 
substitute X and Y for the unknowns in equation (5’) to get (P,)n, then sub- 
stitute the appropriate values into (6’) to get (M,), for r > 2. This process 
is long because of the repetetive evaluation of infinite sums. 


Simplification 


If one assumes that the reaction velocity constants for propagation and 
termination are independent of molecular size, i.e., 


=k, 
tt, =k, for 7,s>1 


For n = 1, the sum of equations (3’) and (2’) to infinity gives 


+ OE — = 0 
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Solving above equation for }> (P,); and choosing the positive value, one 
obtains 


— + + 
2k, 


Then from equations (5’) and (6’), for n = 1 


kj 
= — (9’) 
ky 


k r-1 
(M,); = = (r — (10°) 


2 
r=! 


Pp Pp 


(Mi)ikp 
+ kia 


Substituting equation (8’) into equation (4’), one obtains 
— (Mi): — + (Mi)ikp = + 
After squaring both sides of the equation and rearranging, the above becomes 


+ + gi(Mi)i + 11 = O (11’) 


Rik 


kik 


kik 


From the expressions for the coefficients of equation (11’), pi, g: and nm, one 
can see that r; is always negative, g; is positive if the following condition is 


satisfied, 
4k, + > kp 


while p; may be positive or negative depending upon the values of parameters, 
ki, Rp, Re, 0, and (Mi)o. If i is positive, equation (11’) has one variation in 
sign, then according to the Descartes’ rule of signs, there is only one positive 
root. If p: is negative, equation (11’) will have three variations in sign, there- 
fore equation (11’) may have two or three positive roots and in this case one 
must choose a root (M;); which satisfies the condition 


0 < (Mi): < (Mido, 


‘ 
, 
= =a (8’) 
1 
where 
| 
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because the steady-state solution of monomer should be less than inlet con- 
centration (M;)o but greater than zero. 
For = 2, the sum of equations (3’) and (2’) to infinity gives 


ok (P,)2}? + (Pr)2 — a1 — 02k,(Mi)2 = 


Solving the above equation for :. (P,)2 and letting the solution be represented 
by a, there results 


— 1+ V1 + 46k [a1 + 
1 262k, 


The concentrations of polymers in the second reactor may be found from 
equation (5’). 


k; 1 
13’ 
2 k, 2 ( 1 ( ) 
ky(Mi)2 
+ ky(M1)2 + 


Inserting the expression of equation (9’) into equation (13’), obtain 
k; r 


k; 
= — + —— 
ky ==1 


The summation in the above equation can be easily found; the result is 


k; k; — 
| | 
ky 


Similarly from equation (6’) for n = 2 


kik? 
(M,)2 = (r 
2k 


2 ky a1 — G2 


x + ] (15') 
ky — 02 


1 1 
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Substituting equation (12’) into equation (4’) gives 


—1+ V¥1+ + 
2k, 4 


(Mi): = (Mi)2 + + (Mako 


Rearranging the above equation 
2kiL(M1)1 — (Mi)2 — + (Mi)okp 

= ky = (My)okpV1 + 400k [a1 + O2k:(M1)2] 
Squaring both sides of above equation, one obtains the following cubic equation: 


(M1)2? + po(M1)2? + ge(Mi)2 + re = (16’) 


where 


pe [402k + 4R ik 4k ik, 8k = 4k 4k? 


q2 [8k.2(M)): + 8k 700k | 


kik 


Once the solution of equation (16’) is obtained, the concentrations of polymers 
in the second reactor can be calculated from equations (14’) and (15’). 
C. THE EFFECT OF SPONTANEOUS TERMINATION 
In this case the termination reaction is 


ty 
P,— M, 


and the mass-balance equations become 
— On "(Mr) + =O r>2 
— '(Pr)n + (Mi) 
— (Mi)np-(Pr)n — =O (2”) 
— On + (Ma) nki — (Mi) npi(Pi)n — = 9 (3”) 


r=1 


> 
1 
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Equation (5) of the previous sections is modified to 


by 
+ ty) + Py 


1 Pu 
npr + ty) + dy 


From equation (1’’) 


(M,)n (M,)a—1 + 6nt-(P,)n. 
Equation (7) becomes 


+ 
+ — + ki] 
+ ti + 


Py 
= ki(My)n 
+ by) + Py 


+ 6, (Ps) n-i Il (7) 
r=] z=1 (Mi)a + ty) + Py 


This may be solved graphically or numerically like equation (7) in the case of 
monomer termination. 
Simplification: If the following assumptions are made, 


= pr=kp 
= lo - ws = ki 


then for n = 1, the sum of equations (3’’) and (2”) to infinity gives 
1 1 


Solving for >> (P,): 
1 
+ ky 
From equations (5’’) and (6’’), for n = 1 


ky 
(P,): 
k 


P 


(M,): 


Pp 


6") 
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where 
(M,)ikp 


= 
+ + 


By the substitution of equation (8’’) into equation (4’’), one obtains 


(Mi)o + = (Mj): + + 


The simplified form of the above equation is a cubic in terms of (M;); as 
follows: 


+ + + 6: = 0 (11”) 
where 
a= 
= + ky pki + + + 
v1 = + + — + — + 
Once the steady state monomer concentration (M;); is obtained from equation 


(11’’), it may be substituted into equations (9) and (10’’) for the calculation 
of the concentrations of polymer species. From equation (5”) for n = 2 


k; 1 r 
(P,)2 = + ————- **"(P,,); (12’) 
kp 82(M,)2 ==! 
ky(Mi)2 
02> 
+ (Mi)okp + 
Substituting equation (9’) into equation (12’’) 
k; 1 r k; 
ky k 


The summation in the right side can be easily found; then the above equation 
becomes 


(Py)2 = —o2" + 
kp 


k; k; [= 


— 02 
Similarly 


(M,)2 = a1" + Ook, + ( (14’’) 
ky ky — 


= 
= 
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Equations (13) and (14’’) are the expressions for the polymer concentration 
as functions of parameters, k;, kp, k, and (M,);. However, one has to obtain 
the steady state solution for monomer concentration (M,);. For m = 2, the 
sum of equations (3’’) and (2”) to infinity gives 


(Pr)i + 


(P,)2 
1 1 + Ook, 


(P,): 


1 


+ 

(Py)2 = a2 = (16’”) 

1 + ky 

Substituting equation (16”) into equation (4’’) for n = 2 
Ook kkikp'o1 
65-1 + (M,)okp +k 6571 + +k; 
pL a202-! + ki(Mi)2 
+ k, 


+ 


= (1 + O0k;)(M1)2 + 


Rearranging the above equation, one obtains the following cubic equation in 
terms of (M;)2 


oto(M1)2* + B2(M1)2? + y2(Mi)2 + = 0 (17’") 
where 
a2 = 
Bo = (05-1 + ki )kik + k,?a1 + (02-1 + k,)(1 + 


v2 = (0271 + Ri)Rpai + (02-7! + + — (027! + 


— (051 + ki) 
5. = — (05°! + — (827! + 


The cubic equation (17”) may be solved for (M;)2, and the concentration of 
polymers can be calculated from equation (13’’) and (14). 


D. THE EFFECT OF DISPROPORTIONATION TERMINATION 


The termination reaction becomes 


tye 
P,+P,—>M,+ M, 


1 
Let 
Then 
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It will be assumed that /,, = ¢,/, as in the case of combination termination 
The mass-balance equations are 


— (Mr)n) + 3 for r>2 
6. (Pr) = + (M1) (Mi) apr(Pr)n 
~1,(P,)n te(P.)n for r>2 
On [(Pi)n—1 — (P1)n] + (Ma) — 


As before, solve (3’”’) and (2’”) with r = 2, 3, --- to obtain in general 


ky 7] 
(P;)n = — Il 


1 r r Pu 


s=1 


Solve equation (1’”) for (M,)n: 
(M,)n (M,)n-1 + Ontr(P,)n (6’”’) 


Equation (5’’) has two unknowns (M;), and By the same pro- 


cedure as we described in the case of combination termination, these two un- 
knowns may be found from the following equations: 


kg + 
6, + pi 
Py 


—k=k; 
+ 


D r r Pu 
z=] + t,Y ] Pu 


— + HY 


bg 
r=] 
| 
— 
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wo ft, r Py 
Y = —|k; 


r r Py 


A= (M,)a, Y= n 


Simplification : 


If one assumes that the reaction velocity constants for propagation and 
termination are independent of molecular size, i.e., 


th=k, r,s>1 


For n = 1, the sum of equations (3’’’) and (2”’) to infinity gives 


k(M,): = (P,), + (P,):} 


Solving above equation for }°;* (P,); and choosing the positive value, one 
obtains 


— + VOr? + 4kR(Mi)s 
(P;)1 = = ay (8’”’) 
1 


From equations (5’”) and (6””), for n = 1 
ky 
(P,)1 = — or (9’”’) 
kp 
(M,)i = Loa = (10’”’) 
ky ks ( — 91) 


(Mi)ikp 
= 


where 
eee = =k, 
where 
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Substituting equation (8”’) into equation (4’”’), one obtains 


— + VO? + — 
2k, } 


+ Re 


[= + + Mi): 


| = + 


— + VOr? + 
+ | 


2k: 


Rearranging the above equation, 


+ a2(Mi)i + + 
= a4(Mi):? + as(Mi)i1 + as 


where 


a, = (Mi)o 

a,= —1—,k;"' 

a3 = — 

ag = 2ky(1 + O1k:) + + he 

as = (1 + + + (2k,)-! — 2Rp(Mi)o + 
a6 = — 


Squaring both sides of equation (11”’) 


+ + — a4? 
+ [20,-*a2a3 + — 8k — 2a4as 
+ + + — as” — (Mi)? 
+ + — — — =0 (12’”) 


Thus we obtained a fifth order algebraic equation in (M;);.__ It is an interesting 
result that third-order algebraic equations were obtained for the cases of com- 
bination and spontaneous termination, while for the case of monomer termina- 
tion, a quadratic equation was obtained. Equation (12) may be solved for 
(M;,); by a method of iteration. 


; 
= 
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Now the concentrations of polymers in the second reactor may be obtained 


in a similar fashion. For m = 2, the sum of equations (3’”) and (2’”) to 
infinity gives 


+ — a1 — = 0 


Solving the above equation for >>,” (P,)2 and letting the solution be repre- 
sented by ao, 


— 1+ V¥1+ + | 
Ook, 


a (13’”) 


(P,)2 = 


From equation (5’”’), for n = 2 


k; 1 r 
(Py)2 = + ——— (14’”’) 
ky 


+ ky(Mi)2 + 


= 


Inserting the expression of equation (9’’’) into equation (14’”) gives 
me r r—z+1. 
(P,)2 = a2’ + a2" 
which can be written as 


k; k; o\0,"! 
| | 15”) 
ky 


Similarly from equations (6’”), (10’’) and (13’”), one obtains the following 
expression for (M,)2: 


(M,)2 


ky (1 


+ | + | 
ky 


k; 
kp (1— 2) — o1)(1 — a2) 


1 
where 
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Substituting equation (13’”’) into equation (4’”’), 


ky 
Ook, | + — a| 
Rp 
(Mi)i+ 


—1+ i+ + 
260k, 


2 {= 1 + v1 +- 460k [or + 62k | 


| (M))2 + 62k (M1)2 


—1i+ V1 + 46k {ay - + 
200k, 


The simplified form of above equation is 


4022k + [b2? + 402k + 802% — 
(2b: + 862k arb: + + 862*k — 2babs 
+ [2bib. + 1 + 462k.) + + kk; — — 
X (Mi)2? + + + 402% kids? — 2babs 

+ + — =0 (17’”) 


= (Mi)i + 

= — "02 

bs = 2k + O2ki) — 02 + 2027k pki 
bs = (1 + + — 2k + Ook; 
bs = kiky'o1 — (Mi)i 


where 


II. BATCHWISE ADDITION POLYMERIZATION 
A. MONOMER TERMINATION 


Consider an addition polymerization which proceeds in a batch reactor. 
Let M represent the monomer, P, the rth active polymer, M, the rth dead 
polymer and (M,), (P,) and (M,) their corresponding concentrations, respec- 
tively. Initially there is only monomer M present in the reactor; let its con- 
centration be (M;)o. The reactor is to be operated isothermally and the 
volumetric change will be neglected. The rate constants are assumed to be 
independent of molecular size. Then we may write the reaction scheme as 


follows: 
Initiation: 


ki 
M, — P; 


: 
| 
| 
+ 62(Mi)ok», | 
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Propagation: 
kp 
M, + Pri i<r<99 


Termination: 


ki 
M,+ 1<r< 100 


Theoretically a series of polymer species with the chain length ranging from 
1 to infinity will be formed. However, to solve the rate equations numerically 
a digital computer is employed and owing to the limitation of the computer’s 
capacity, an assumption that the propagation will stop where a certain length 
of polymer is formed is deemed necessary. In the present work, it is supposed 
that the propagation reaction stops when the degree of polymerization is 100. 
The longest dead polymer which can be obtained will be the 101th dead poly- 
mer, Myo. The rate equations describing the above reactions can be written 
as follows: 


d(M;) 
dt 


d(P;) 
ki(M,) — (Rp + 


100 


99 
= — ki(Mi) — kp(Mi) (Pr) — (Pr) 
r=] 


r=] 


d(P,) 
= — (kp + for 2<7< 100 


d(M,) 
a) for 2<r< 101 
t 


The above system of 201 simultaneous nonlinear first order differential 
equations can be solved numerically by the Runge-Kutta method. This 
would be a overwhelming task on a desk calculator. The computations for our 
problem were carried out on the Univac Scientific Computer, Model 1103. 


Numerical Example and Discussion 


One purpose of this present study is to find out whether a steady state 
assumption for the active polymers is valid. A computation was made by 
using the following parameters: 

(M,)o = 1.0 g mole/liter 
k; = 0.03 1/hr 
k, = 60 liter/g mole hr 
k, = 1.0 liter/g mole hr 


dt 
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6.0 
(M), =1.0 kp = 60 


= 0.03 ky = 1.0 


Pa 


> 


CONCENTRATION , (P,), mole/liter x10 


0.2 0.4 0.6 0.8 
REACTION TIME , 


FiG, 4.—Batchwise addition polymerization—monomer termination. 
Behavior of active polymers. 


x 10% 


mole/ titer 


CONCENTRATION , (M,), 


0.2 . . 0.8 
REACTION TIME, hr 


Fic, 5.—Batchwise addition polymerization—monomer termination, 
Behavior of dead polymers, 


| 
A 
he 
6.0 
5.0 im), =1.0 te 
kj =0.03 
kp = 60 
ky = 1.0 
4.0 Mio 
3.0 
M22 
2.0 
Me, 


1028 RUBBER CHEMISTRY AND TECHNOLOGY 


Figure 4 is a plot of the concentrations of active polymer species P,, Py, 
Pio, Poe, Psi, Pao, Ps2 and Pe: versus reaction time. It is seen that the lower 
molecular weight active species approach steady states in a relatively short 
time. For example, (P;) reaches the steady state value 5.2 X 10~‘ g mole/liter 
in 0.1 hr. However, note that the concentrations of high molecular weight 
active species increase rather slowly and that they take a long time to reach 
their steady state values. At any stage of reaction, the longer the chain length, 
the lower the concentration of the chain, i.e., 


(P,) > (P2) > (Pei) > (Proo) 


From the result of this computation, it is seen that the steady state assumption 
for active polymer is not accurate, especially in the early stage of reaction, and 
for the high molecular weight active polymer species. 

In Figure 5 are plotted the concentration curves for the dead polymers, 
Ms, Mio, Max, Mas and Mg;. There is a little delay in the formation of dead 
polymer in relation to that of the corresponding active polymer. For example, 
the 40th active species starts to show up in 0.45 hr but the corresponding dead 
species M4o shows up in 0.60 hr. The concentration of dead polymer is higher 
for the lower molecular weight polymers. Thus 


(Me) > (Ms) > (Mio) 


As soon as monomer is used up, both propagation and termination will stop, 
because monomer is needed to carry on these reactions. 

The concentration curve of monomer and molecular weight distribution 
curves are very important for the study of high polymers. The rate of the 
monomer consumption is directly proportional to the rate of initiation. As 
mentioned before, monomer may be initiated photochemically or thermally, 
therefore a small change in the energy input by the initiation will produce a 
great effect on the curves of monomer concentration and the molecular weight 
distribution of the product. The initial monomer concentration, reactor 
operating temperature and the polymer reactivity will also produce such effects. 
In such cases, the reactor is said to exhibit parametric sensitivity.“ Physical 
properties of polymers are related to the molecular weight. Therefore it is 
necessary to find out how the parameters, (M)o, ki, &, and k, affect the monomer 
concentration and the molecular weight distribution. 

In Figure 6 is shown the effect of k; on the monomer concentration curve. 
Figure 7 is the corresponding molecular weight distribution curves at reaction 
time ¢ = 2.0 hr. It is seen that a broader molecular weight distribution was 
obtained for a small value of k;. Therefore the rate of initiation must be low 
if a high molecular weight (average) polymer is desired. 

Figures 8 and 9 show the effect of k, on the monomer concentration and 
molecular weight distribution curves. Figures 10 and 11 show the effect of k,. 

The effect of initial monomer concentration is shown in Figures 12 and 13. 
It must be noted that a broader weight distribution was obtained for a large 
value of initial monomer concentration. 
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Fic. 6.—Batchwise addition polymerization—monomer termination. The effect 
of ki on the monomer concentration profile. 
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Fic. 7.—Batchwise addition polymerization—monomer termination. The effect 
of ki on the molecular weight distribution. 
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8.—Batchwise addition polymerization—monomer termination. The effect 
of kp on the monomer concentration profile. 
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Fic. 9.—Batchwise addition polymerization—monomer termination. The effect 
kp on the molecular weight distribution. 
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Fic. 10.—Batchwise addition polymerization—monomer termination. The effect 
kt: on the monomer concentration profile. 
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Fic. 11.—Batchwise addition polymerization—monomer termination. The effect 
of kt on the molecular weight distribution. 
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Fic. 12.—Batchwise addition polymerization—monomer termination. The effect 
of (M)o on the monomer concentration profile. 
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Fic, 13.—Batchwise addition polymerization—monomer termination. The effect 
of (M)o on the molecular weight distribution. 
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The instantaneous molecular weight distribution at various stages of the 
reaction is shown in Figure 16. 
B. SPONTANEOUS TERMINATION 


Consider the vase when activated polymer species are deactivated spon- 
taneously in the bulk phase or by collision at the wall of the reactor. The 
reaction scheme may be written as follows: 


i 
Initiation: 


k 
Propagation: M, + P,— for 157r<9 


ky 
Termination: P,— M, for 1<r< 100 
The rate equations describing the above equations are as follows: 


d(M;) 99 
—— = — — kp(Mi) & + Pr) 


= ki(M1) — kp(Mi)(Pi) — 
= k,(M,)(P,-1) — kp(Mi)(P,) — for 2<r < 100 


= k,(P,) for 2<r< 100 


Numerical Example and Discussion 


A computation was carried out on the digital computer by assuming 
parameters as follows: 


(M,)o = 1.0 g mole/liter 
k; = 0.03 1/hr 
k, = 60 liter/g mole hr 
k, = 1.0 liter/g mole hr 


The curve A in Figure 14 shows the monomer concentration profile. The 
rate of monomer consumption is slower than that in the case of monomer 
termination (curve B), because monomer is reproduced by the termination of 
P, in the case of spontaneous termination. Curve A in Figure 15 shows the 
molecular weight distribution. In Figure 17 are plotted the instantaneous 
molecular weight distribution curves at various stages of the reaction. It is 


| 

dl — 

d(P,) 

dt 
dl 
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seen that the distribution curves are almost the same as in the case of monomer 
termination. 
C. DISPROPORTIONATION TERMINATION 


Active polymer may deactivate itself by the transfer of an atom from one 
radical to another. One radical gives a saturated and the other an unsatu- 
rated molecule. The reaction sheme is as follows: 


Initiation: M,— 


k 
Propagation: M;+ for 1<r<99 


k 
Termination: P,+P,—M,+M, for 1<7,s<99 


The rate equations describing the above reactions can be written as follows: 


—— = — k,{M;) — (P,) + (P,) 


r=] 


= k,(M,) — — © (P) 


r=1 


: = kp(M1)(Pr-1) — &p(Mi)(P,) — (P,) for 2<r< 100 


r=] 


d(M,) 
= for 2<r< 100 


r=] 


Numerical Example 


A computation was carried out on the digital computer assuming the 
parameters as follows: 


(M,)o = 1.0 g mole/liter 
k; = 0.03 1/hr 
k, = 60 liter/g mole hr 
k, = 1.0 liter/g mole hr 


The same values of parameters were assumed as in the case of monomer 
termination in order to compare the effect of termination steps on monomer 
concentration and molecular weight distribution curves. 

The curve C in Figure 14 shows the monomer concentration profile. The 
curve C in Figure 15 is the molecular weight distribution at reaction time ¢ = 2 
hr. The instantaneous weight distribution curves at various stages of the 
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“1G, 14.—Batchwise addition polymerization—monomer termination. The effect 
of termination step on the monomer concentration profile. 
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Fic, 15.—Batchwise addition polymerization. The effect of termination step 
on the molecular weight distribution. 
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1G, 16.—Batchwise addition polymerization—monomer termination. Instantaneous 
molecular weight distribution. 


reaction is shown in Figure 18. It is seen that the degree of polymerization 
corresponding to the maximum weight fraction at ¢ = 4 hr is 52, while in the 
case of monomer termination it is 39. 


D. COMBINATION TERMINATION 


Consider the case where two active species combine to give a single dead 
polymer species. The reaction scheme is as follows: 


ky 
Initiation: P; 


k 
Propagation: M,;+ for 


t 
Termination: P,+ P,— 


The rate equations are 


d(M;) 99 


d(P1) 
k.(M1) — kp(M;)(P2) — 


d(P, 100 
= k,(M,)(P,-1) — kp(Mi)(P-) — &(P-) (P+) for 2<r< 100 
t r=] 


d(M,) r—1 
= (P.)(P,-s) for 2<r< 100 
s=1 
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Numerical Example 


Assuming the same values of parameters as in the case of disproportionation 
termination, a computation was carried out on the digital computer. 

The curve E in Figure 14 shows the monomer concentration profile. The 
curve E in Figure 15 gives the molecular weight distribution profile. The 
instantaneous weight distribution curves at various stages of the reaction are 
shown in Figure 19. They are almost the same as in the case of dispropor- 
tionation termination. 
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Fic, 17.—Batchwise addition polymerization—spontaneous termination. 
Instantaneous molecular weight distribution. 
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Fic. 18.—Batchwise addition polymerization—disproportionation termination. 
Instantaneous molecular weight distribution. 
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Fic. 19,—Batchwise addition polymerization—combination termination. 
Instantaneous molecular weight distribution. 
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Fic. 20.—Batchwise addition polymerization—no termination. Instantaneous 
molecular weight distribution. 


E. NO TERMINATION 


This is the case when k, = 0. The computer’s programming for the case 
of monomer termination can still be used by just changing the value of ;. 
The curve D in Fig. 14 gives the monomer concentration profile and the curve 
D in Figure 15 the molecular weight distribution profile at reaction time 
t= 2hr. The instantaneous molecular weight distribution curves at various 
stages of the reaction are shown in Figure 10. The monomer concentration 
profile is the same as in the case of combination termination, because the 
monomer M, is not involved in the termination process in either case. 
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SUMMARY FOR PART A 


In Part A, I, the continuous process of an addition polymerization has been 
considered. Assuming that a steady state is maintained, and the reactor is 
operated at constant temperature, the concentrations of active polymer species, 
(P1)n, and dead polymer species, (M2)n, 
were obtained as the functions of the reactor parameters, (Mi)o, (Mi)n, Ri, Rp, 
k, and @,. The steady state concentration of monomer in the nth reactor, 
(M;)n, was expressed as functions of other known parameters, (M1)n-1, hi, 
ky, k, and 6,. The weight distribution function and the most probable degree 
of polymerization were introduced. Using this weight distribution function, 
the optimum operating temperature and optimum holding time could be found. 
The steady state solution was also given for other cases of termination; monomer 
collision, spontaneous, disproportionation and combination. 

In Part AII, batchwise addition polymerization was discussed. Assuming 
that the rate constants, k;, kp, and k; are independent of molecular size and 
that the propagation process stops where the 100th active polymer is formed, 
the system of 200 simultaneous nonlinear first order differential equations was 
solved numerically by the Runge-Kutta method. The computations were 
carried out on the Univac Scientific Computer Model 1103. The effects of 
the parameters, (M1)o, ki, &p and &, and termination steps on the monomer 
concentration profile and molecular weight distribution profile were examined. 
The result of computation shows that the steady state concentrations for free 
radicals cannot be assumed if an exact analysis of the batchwise addition 


polymerization is desired. 


B. COPOLYMERIZATION 


Copolymerization is the polymerization of two or more different kinds of 
monomer molecules with each other. For example, NBR is a copolymer of 
butadiene, CH.—CHCH=CH:, and acrylonitrile. CH==—CHCN. Copoly- 
merization finds wide application in the manufacture of rubber products, 
plastics and synthetic fibers. Therefore, from both the theoretical and prac- 
tical standpoints, it constitutes an important branch of the study of the poly- 
merization process. The kinetic study here is limited to the case of two distinct 
monomer species. 

The mechanism of copolymerization can be divided into three steps: a) 
initiation, b) propagation and c) termination. If the two monomers are A; 
and B,, and if P, and Q, denote the propagating radicals with type A and B 
end group, respectively, the reaction schemes are: 

(a) Initiation: The monomers A and B may be initiated either thermally 
or photochemically: 


ka 
Ai— P,, 
ky 


1040 RUBBER CHEMISTRY AND TECHNOLOGY 


(b) Propagation: Once the monomers A, and B, are activated to free 
radicals, they readily add additional monomers. Activated P, can either add 
monomer A, to form P»2, a radical with end group Aj, or a monomer B, to 
form Qs, a radical with end group B. Similarly, activated Q; can add monomer 
A, or B,; to form Pz or Qo. Therefore, there are four types of propagation 
which can be written as 


Paa 


k 


a 


Q, + Ai Par 


Rows 


+ Bi — 
(c) Termination: 


Monomer Termination: As the propagation process has an activation 
energy, only a small fraction of the collisions between monomers and active 
copolymers will actually be effective in growing the chains. Some collisions 
may result in the termination of free radicals. Thus P, may collide with 
monomer A, and become a dead copolymer A,¥+1, or it may collide with monomer 
B, and become a dead copolymer B,,;. Similarly, Q, may collide with mono- 
mer A, or B, to form dead copolymer A,,; or B,,;. Therefore, there are also 
four types of monomer termination which can be described formally as: 


Rue 
P,+ Ai— 


tab 


P, + B, B,41, 


Q, + Ay 


Ruy, 


Q, + B, 


Spontaneous Termination: The active molecules P, and Q, may become 
deactivated spontaneously in the bulk phase or by collisions at the reactor 
wall. In this case, the reaction is first order. Formally 


Combination Termination: Combination or coupling termination occurs 
when two radicals combine to give a single dead copolymer. Thus a free 


—— 
Rts 
Pir, 
Re, 
Q,— B,. 
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radical P, may combine with any other active copolymer. Three combination 
reactions can be written as 


P, + P, 


Ria 


Rey, 
Q, + Mp5. 


The first and third reactions are the combination of radicals of the same type, 
while the second reaction is the combination of radicals of different types. 

Disproportionation Termination; Two radicals may deactivate each other 
by the transfer of an atom between the radicals. This produces a saturated 
and an unsaturated molecule. Formally 


Risa 


Rea 
P,+Q.— Ar + B,, 


Ress 
Q,+ Q.— B, + Bs. 


Batchwise Copolymerization 


As mentioned previously, the mathematical treatment of batch kinetics 
becomes difficult when the reaction involves a number of consecutive steps. 
The rate equations describing batch copolymerization comprise a system of 
nonlinear first order differential equations. No analytical solution can be 
found for such a system. In the past, several workers have made assumptions 
in order to linearize these differential equations. 

Wall”? assumed that 


pas 


Rova/k 


from which he obtained the relation 


d(Ay 
= a(A;)/(B:) or In{(Ay)o/(A1) = @ In[(By)o/(Bi) ] 


This idea was helpful for later developments of copolymerization kinetics. 
However, his assumption did not agree with many experimental results. 
Mayo” made the assumption that the reaction velocity constants are inde- 
pendent of molecular size and that a steady state is maintained where the rate 
at which P-type radicals are converted to Q-type radicals is equal to the rate 
at which Q-type radicals are converted to P-type radicals, i.e., 


ky,,(P-)(B1) 


4 
7 
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He further assumed that the reactions of radicals are independent of the 
number and kind of attached units. Following these assumptions, and neglect- 
ing the initiation and termination processes, he developed the fundamental 
copolymerization equation: 


d(A,) _ + (Bi) J 
d(Bi) (By)[(Ai) + 72(Bi)] 


This copolymerization equation has been widely applied because of its sim- 
plicity and because one can evaluate the reaction velocity constant ratios, 
r, and re, from experimental data. Mayo’s copolymerization equation is of 
little value, however, when the initiation and termination steps cannot be 
neglected. The change of monomer concentrations as functions of time, the 
concentrations of individual active copolymers, and the molecular weight 
distribution of copolymers cannot be obtained by Mayo’s equation. 

From a purely statistical point of view, Goldfinger and Kane* derived the 
same copolymerization equation as Mayo’s. Later, Melville?® considered all 
three copolymerization steps and developed the rate equations for monomers 
and copolymers as functions of time. His solution was based upon the assump- 
tion that a steady state is maintained for all radicals, i.e., 


d(P, d(Q, 


dt dt 


Continuous Copolymerization 


Using the assumptions which Mayo made in his derivation of the funda- 
mental copolymerization equation for the batch process, and assuming a steady 
state for monomers, Wall?’ developed the following expression for the contin- 
uous process of copolymerization: 


s— + 1) 
m— f(B:) (Bi) [(A1)/(B:) + 


where (A;) and (B,) represent the steady state concentrations of monomers, 
f the fraction of the reactor contents removed in unit time, s the rate of intro- 
duction of monomer A,, m the rate of introduction of monomer B,, and 7; and rp 
the reaction rate constant ratios as defined by Mayo for the batch process. 
Apparently, if one knows the parameters s, m, f, 7; and rz and assumes a value 
for one of the monomer concentrations, then the other steady state concentra- 
tion of monomer can be predicted. However, since the steady state solutions 
for two monomers and all radicals are not obtained, the molecular weight 
distribution cannot be calculated. Applying Mayo’s fundamental copoly- 


where 
Rowe Rows 
n=—, n=— 
k Pab | 
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merization equation, Bilous** developed a graphical design method for copoly- 
merization in continuous tank reactors. 

The purpose of the present work is to seek the steady state solution for the 
continuous process, and to analyze the kinetics of the batch process, using a 
digital computer. 


I. CONTINUOUS PROCESS 


A. MONOMER TERMINATION 


Consider a copolymerization proceeding in a single continuous stirred tank 
reactor. It is supposed that the initiations of monomers, A; and B,, are first 
order reactions and the propagations second order. The radical or active 
copolymer species terminate by collision with monomer. It is assumed that 
only monomers A, and B, are present in the feed to the reactor, and that the 
volume change is negligible. The reactor is to be operated at constant pressure 
and constant temperature. The reaction velocity constants for propagation 
and termination are supposed to be independent of molecular size. The 
steady state is assumed for all species in the reactor. As shown in the reaction 
scheme, P, represents the rth active copolymer species with radical of unit A; 
as the end group, and Q, the rth active species with radical of unit B, as the 
end group. Similarly, A, represents the rth dead species with A; as the end 
unit and B, the rth dead copolymer species with B; as the end unit. Let 


(A,)o = molar concentration of monomer A flowing into the reactor, 
g mole/liter 
(Bi)o = molar concentration of monomer B flowing into the reactor, 
g mole/liter 
V = volume occupied by the reaction medium in the reactor, liters 


q = volumetric flow rate, liters/sec 


(A,) = molar concentration of monomer A in the reactor, g mole/liter 


(B,) = molar concentration of monomer B in the reactor, g mole/liter 


(P,) = molar concentration of P, in the reactor, g mole/liter 
(Q,) = molar concentration of Q,, g mole/liter 
(A,) = molar concentration of A,, g mole/liter 


(B,) = molar concentration of B,, g mole/liter 


k, = initiation velocity constant of monomer Aj, 1/sec 


ky = initiation velocity constant of monomer B,, 1/sec 


ky, = reaction velocity constant of propagation between P, and A,, 
liter/g mole sec 


k»,, = reaction velocity constant of propagation between P, and By, 
liter/g mole sec 
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k»,, = reaction velocity constant of propagation between Q, 
liter/g mole sec 


Ry, = reaction velocity constant of propagation between Q, 
liter/g mole sec 


k,,, = reaction velocity constant of termination between P, 
liter/g mole sec 


ki, = reaction velocity constant of termination between P, 
liter/g mole sec 


ky,, = reaction velocity constant of termination between Q, 
liter/g mole sec 


k.,,, = reaction velocity constant of termination between Q, 
liter/g mole sec 


6 = V/q = sec., nominal holding time of reactor 


Consider the mass balance on monomer A;. The rate at which A, enters 
the reactor is g(A,)o, while the rate at which it leaves the reactor is g(A:). 
The rate at which A, is being formed in the reactor is zero. Monomer A, is 
transformed by initiation, propagation of P, and Q, and termination of P, 
and Q,. Therefore, the rate at which A; is being transformed in the reactor is 


+ V(As) (P,) + (Q,)] 


VAD) (P,) + (Q,)] 


and since a steady state is assumed, the complete mass balance on mono- 
mer A; is 


g(Ai)o — g(Ai) — Vka(A1) — V(Ai)[ (P,) + (Q,)] 


“ (P,) + (Q)]=0 (1) 


Similarly, the mass balance on monomer B, is 


Consider next the mass balance on P;. The rate at which P; enters the 
reactor is zero, while the rate at which it leaves the reactor is g(P:), and the 
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rate at which it is being formed in the reactor is Vk,(A,). The rate at which 
P, is being transformed in the reactor is 


Vie + + + Vee (P1)(Bi) 
so that the mass balance on P, is 


Vka(A1) — Vy, .(P1)(A1) — Vep,,(P1)(Bi) — 
= (P1)(Bi) =0 (3) 


From the same argument, the mass balances on P», P;, ---, P,,--- can be 
written as follows: 


Vie + VE — + 
— + Ris) — =0 for r>1 (4) 


Similarly, the mass balances on active polymers Qi, Qe, Qs, ---, Q,, «++ are 
Vko(Bi) — V(Qu)(A1) (Rog + — V(Qi)(Bi) + Reon) — = 0, (5) 


VR + VR (Bi) V(Q,)(A1)(R + 
— V(Q,)(Bi) (Rous + keys) — = 90 r>1 (6) 


The rate at which the dead copolymer Az is being formed in the reactor is 
+ 
and the rate at which it leaves the reactor is 
g(Az) 
Therefore the mass balance on Az is 
+ g(Qu)(Ar) — g(A2) = 0 

The mass balances on Ao, Az, --- A,, «++ are 

+ — (Ar) = 0 (7) 
and the mass balances on the dead copolymers Bo, Bs, ---, B,, --- are 

+ Vike, — = 0 (8) 


The above equations must now be solved simultaneously. By rearranging 
equation (4), one obtains 


(P,-1) + (Q,-1) 


Paa 


* 
hee 
= 
al 
a 
| 
: 


1046 RUBBER CHEMISTRY AND TECHNOLOGY 


Similarly, rearranging equation (6) 


(Q,_-1) + (P,-1) 


Pob 


1) Rtgp(A1) 
= (Q) E + +—+ | 
Rows (6)(Bik ps, 


(10) 


Riss 1 


R Rey, 1 


=K 
Pos Roy (Bi) (Bi) (8) 


Since steady state is assumed, (A,) and (B,) are fixed. Therefore Ky, Ko, Ks 
and K, may be regarded as constants and equations (9) and (10) become 


+ Ki(Q,-1) = K2(P,) (11) 
(Q,-1) + K3(P,-1) = K4(Q,) (12) 


From equation (12) 


(13) 
( r—1 Q, K; Qr-1 


Therefore (P,) can be expressed as 


P,) = — (Q) 
Pe) = Qu) 


The substitution of equations (13) and (14) into equation (11) gives 
K2K(Qr41) — (K2 + Ka)(Q,) + (1 — KiKs)(Q,-1) = 0 (15) 
Equation (15) is a difference equation in terms of (Q,) which may be written as 


a(Qr+1) + + c(Q,-1) = 0 (16) 


where a = K2Ky, 6 = — (K2+ Ky), c = (1 — KiK;). If one assumes a 
solution for (Q,) of the form 


(Q,) =Z' 
then 


Let 
k 
1+ K: 
ab 
k 4 
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and equation (16) becomes a quadratic equation in Z 


aZ?+b6Z+c¢=0 
which has two roots 


— b + (6? — 4ac)$ 
2a 


1 = 


— b — (hb? — 4ac)! 
2a 


The general solution of equation (15) is then 
(Q,) = + (19) 


where a@ and 8 are constants derived from the first and second members of the 
series. Inserting the values of a, 6 and c in equation (18) gives 


(K2+ Ks) + [((K2 — Ka)? + 
2K2K4 

_ (K2+ Ka) — ((K2 — Ka)? + 


Since K,, K2, K; and K, are positive, it is seen that both Z; and Z: are real 
and distinct. 

To determine the coefficients in the general solution, let r equal 1 and 2 in 
equation (19) so that 


(20) 


(Qi) = aZ + BZ2 
(Q2) = aZ;? + 


Solving these two equations for a and 8 gives 


(Qi)Z2 — (Q2) — 
Zi\(Z2 — ZAZ2 — 
It follows from equation (3) that 


(Pi) = 


Paa 


and the solution of equation (5) for (Q:) is 


= | 
and 
(22) 
(23) 
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Inserting these values of (Pi) and (Q,) into equation (6), one obtains 


ky K3kq 
(Qe) = 


Roy Ke? Ry, 


Then from equations (19) and (21) 
L(Qi)Z2 — (Qe) L(Qe) — Z:(Qi) 
= + 
(Z2 — (Z2 — 21) 


(25) 


r 
The substitution of the above expressions into equation (14) results in 


i 
(P,) = ———— + 0222") — + (26) 
K;(Z2 — Z;) 


(Qe) 


Substituting equations (25) and (26) into equation (7) gives 


OR 
(A,) = (Z,— Zi) + ] 


(Z2— 2; 


{K + — + (27) 
— Z;) 


Similarly, from equations (8), (25) and (26), the expression for (B,) may be 
obtained as 


Bi) 
+ 
— 21) 


Bx) 
K;(Z2 — Z1) 


The values of Z;, Z2, (Qi) and (Q2) may be calculated from equations (20), (23) 
and (24) and then substituted into equations (25) to (28) for the calculation 
of the copolymer concentrations (Q,), (P,), (A,) and (B,). 

Equations (25), (26), (27) and (28) are the expressions for the copolymer 
concentrations in terms of the parameters: reaction velocity constants, holding 
time, inlet monomer concentration; degree of polymerization and monomer 
concentrations in the reactor. In order to obtain a complete steady state 


where 
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solution, expressions for the monomer concentrations (A,) and (B;), must be 
found as functions of other known parameters. Summing equation (4) on r 
from one to infinity gives 


1 1 1 


(P,) — (P,) =0 (29) 
1 1 


Similarly, from the summation of equation (6) to infinity, one obtains 


Viu(Ar) © (Q,) — (Q,) = 0 (30) 


Solving equations (29) and (30) for >:*(Q,) and }>:*(P,) simultaneously, 
yields 


ko(Bi) + ki,,)(Bi) + ky, + + 
(Q,) = (31) 
X + + Rey(Bi) + — psa(Ar)(Bi) 
x ka A | Ru, A Res, B, + + Ay k B, 
= (P,) = (Ai) + Rtsg)(Ar) + Rey,(Bi) J (Ai)Ro(B:) (32) 
+ Rtg,)(Bi) + + 


x [(R pve + Re,,)(A1) + Bi) + 


Dividing equations (1) and (2) by V and putting V/q = 4, it follows that 


— O-"(Ay) — — + Rtgs) 


— + (Q,) = 0 (33) 


— 6-"(B,) — — + Bees) (Pr) 


(Bi) + (Q,) =0 (34) 


By substituting equations (31) and (32) into equations (33) and (34), one 
can obtain the desired equations for (A;) and (B,) in terms of the system 


2 
1 1 
1 
i 
1 
1 
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parameters: 


a,(Ay)* + + as(A1)(Bi)? + + as(Ai)(Bi) + @6(Bi)? 
+ a;(A1) + as(B:) + = 0 (35) 


+ b2(A1)(Bi)? + 63(A1)?(Bi) + 64(B1)® + 65(A1)(Bi) + be(A1)? 
+ b;(B:) + bs(A1) + =0 (36) 
where 


a, = + ha) (Rtaa) + Riya) + + Riga) (Rove + ki.) 


a2, = + ka) pas + Rea») + toe + Rak 
+ + Rtaa) (Rak + kok ps.) (kobe + Rig) (RR ton hak pa») 


= + Ra) (Rous + Rtav) + + Riva) (Roa + Rtas) 


a= + ha) (Rove + Reva + Risa) + "(Roa +> Resa) 
— + Reva) 


as = + ha) (Roa, + Rtas + + RO (Rove + 
*(Ar)o(R pas +> Rtas Rev») 
= — &*(Ai)o 
+ kv) (Ress) + Rtas) + kolk py, + Rey) (Roar Rea») 


+ ke) Rtas) +> + Rik 
(Rowe + (RoR tan kak par) + (Roar (Rak tn» + Rok py.) 


= + kv) (Rov. + Riya) + + Rtas)? 
= + + + + RO (Roy, + Ris) 

= + hp) (Rare + Retna + + + Res) 

= — + 
= + ky) — + Rtas + Revs) 
= — + kina + Rian) 

= — *(Bi)o 


Equations (35) and (36) can be solved for (A) and (B,) simultaneously 
by the Newton-Raphson method‘. Let the left sides of equations (35) and 
(36) be represented by F and G respectively, and differentiate F and G with 
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respect to (A;) and (B,), to obtain 


= 3a,(A,)? + 2a2(A;)(Bi) + aa(Bi)? + 2a4(A1) + @s(Bi) + a; 
= a2(Ay)? + 2¢3(A1)(B1) + as(Ai) + 2a6(Bi) + as 
Ga = 62(B,)? + 263(A1)(Bi) + + 2b6(Ai) + ds 
Gp = 36;(B1)? + 262(A1)(Bi) + + 264(B1) + 85(Bi) + 
The Newton-Raphson iteration formulas can be written as follows: 
— | 
FG, GF, | 
— 


= (Adi + | (37) 


(38) 


(Bi); + | 


where (A); and (B); denote the monomer concentrations after the ith iteration. 
The relations (37) and (38) are iterated until 


— < € 


\(B1)i+1 — (Bi)s| < (39) 


where ¢ is the maximum error allowed. This iteration can be carried out on 
the digital computer. 

Once the monomer concentrations (A;) and (B;) are found, the concentra- 
tions of active and dead copolymer species can be calculated from equations 
(25), (26), (27) and (28). 

The weight fraction of the rth copolymer is defined as 


P, r) + (Ar) + (B, 
W. = + (Q,) + (Ar) + (B,)] (40) 


rL(A,) + (B,)] + rL(P,) + (Q,)] 


Since it is assumed that the feed to the reactor contains only monomers A, 
and B,, the following relation is valid: 


[(As)o + (Bi)o] — [(A1) + (B,)] = L(A.) + (B,)] + + (Q,)] 


Therefore equation (40) becomes 


(A1)o + (Bi)o — (Ax) — (Bi) 


(41) 


r 


As mentioned previously in the case of addition polymerization, W, is 
called the weight distribution function. If the weight distribution function, 


: 
r[(P,) + (Q,) + (Ar) + 
; 
—+ 
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W,, is differentiated with respect to r and the result equated to zero, the con- 
dition for the maximum in the distribution curve is obtained. Substituting 
the expressions for (P,), (Q,), (Ar) and (B,) given by equations (25), (26), (27) 
and (28) into equation (41) gives 


1 
W,= 
[(Ai)o + (Bi)o] — [(Ax) + (Bi) 
+ + + + (42) 
where @ and @ are given by equation (21), Z; and Z2 by equation (20), and 
Ks 


[aC + BCywZ."*! 


4 (Bi)0kt.,K 1 
K3 K; K; 
(Ai) (Bi)(O)Reas 
+ (Ai) — + (B1)6k:,,. 


3 3 


Differentiate equation (41) with respect to r and set the result equal to zero 
to obtain the following relation: 


aC + BC + + + aC3Z;""! + 
In Zi + BC,Z,""! In Z2 + aC In Zi 
+ BC2Z2" In + aC3Z;"" In Z; + BC3Z2""" In Z2] (43) 


mol/liter x 10% 


(B) = 0.41124 


Nn 


CONCENTRATION 


20 25 30 
OF POLYMERIZATION 


Fic, 21.—Continuous copolymerization—monomer termination. The concentrations 
of copolymers vs. the degree of polymerization. 


K; 
10 
8 = 12 br. 
(Ae)= 10 (Be) 10 
ke =O! ky = 0.0! 
: 10 | 
| = 30 Keep = 3 
#1 
* 30 Kine 3 
(an (A) = 0.72259 
q 
~ 
DEGREE 
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The value of r satisfying equation (43) is called the most probable degree of 
polymerization. 

The approximate weight fraction of copolymer species with degree of 
polymerization between r; and r; can be found by integration of equation (42) as 


re 1 
| = 
+ (Bi)o] — [(Ax) + (Bi) J 
x In — 1) — In — 1)] 
(In Z,)? 


BC 
In Z2 1) * In Z2— 1)] 


aC, 
In Z; — 1) — In Z; — 1)] 
(In Z,)? 
(In Z2)? 
aC; In Zi 1) In Zi 1)] 


(In Z;)? 


In Z, — 1) — In Zz — 1)] 


+ (in Zs? In — 1) — In — »3} 


Equation (44) is useful in estimating the molecular weight distribution. 


Numerical Example 
A copolymerization proceeds isothermally in a continuous stirred tank 
reactor. The following values of the parameters have been fixed: 
(Ai)o = 1.0 g mole/liter (By)o = 1.0 g mole/liter 
k, = 0.1 1/hr k, = 0.01 1/hr 
k»,. = 10 liter/g mole hr k.,, = 1.0 liter/g mole hr 
ky, = 30 liter/g mole hr k.,, = 3.0 liter/g mole hr 
ky». = 10 liter/g mole hr ky,, = 1.0 liter/g mole hr 
k»,, = 30 liter/g mole hr kt,, = 3.0 liter/g mole hr 


Let us find: a) The steady state concentrations of the monomers (A;) 
and (B,), when @ = 1.2 hr, 1.5 hr. 


+ 
: 
(44) 
ves 
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b) The concentrations of active and dead copolymer species and the 
molecular weight distribution when @ = 1.2 hr. 

c) The most probable degree of polymerization. 

d) The weight fraction of copolymers with degree of polymerization be- 
tween 10 and 20. 


Using the Newton-Raphson iteration formulas given by equations (37) and 
(38), the computations were carried out on the digital computer. The steady 
state concentrations of the monomers, (A;) and (B,), were obtained as follows: 


6, hr. (Ai), g mole /liter (Bi), g mole /liter 


0.72259 0.41124 
i. 0.51645 0.19390 


When @ = 1.2 hr the following values of the coefficients in equations (9) 
to (28) were found: 
K, = 1.0 Kz = 3.09338 
K; = 1.0 K, = 1.81181 
a = 5.60461 b= — 4.90214 
c=0 Z, = 0.87466 
Z2=0 (Qi) = 1.8397 X 10-4 
(Qe) = 2.79953 XK 10-4 = 3.2327 X 10-3 


The steady state concentrations of copolymer species were calculated from 
equations (25), (26), (27) and (28) and plotted versus the degree of poly- 
merization, r, in Figure 21. The weight fractions of copolymer species were 
calculated from equation (41) and plotted in Figure 22. 


10 


her 
(Ae) = 10 


(8)= 0.41124 


WEIGHT FRACTION Wr percent 


80 
DEGREE OF POLYMERIZATION 


FiG, 22.—Continuous copolymerization—monomer termination. Molecular weight distribution. 


8 
ke k» 00! 
= 30 3 
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2 
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The most probable degree of polymerization can be found from equation 
(43), since Z, = 0, as 


aC + + aC3Z,""' 1 


= 7.45 


= 


This value is the same as that obtained graphically from Figure 22. The 
weight fraction of copolymer species with degree of polymerization between 
10 and 20 can be found from equation (44). The coefficients were obtained 
as follows: 


= 3.65937 X 10-4 


C; = 1.81181 
C2 = 3.50824 
C3; = 0 


From equation (44), 
W 10-20 = 0.0428 or 4.28% 


B. SPONTANEOUS TERMINATION 


In this section, let us consider the case when the active copolymer molecules 
deactivate spontaneously in the bulk phase or by collision with the wall of the 
reactor. Based upon the same assumptions made for the case of monomer 
termination in Section B, I, a, the mass balance on monomer A; may be 
written as 


+ =0 (1) 


Similarly, the mass balance on monomer B, is 


— 9(B;) — — (P,) + (Q,)] 


+ Vki(Qi) =90 (2) 


and the mass balance on P, is 


VRa(A1) — — Veep, (P1)(Bi) — — g(P1) = 0 (3) 


For Po, P3, ---, P,, etc. one can write 


VR + Vie — 
— — — = 0 for 2<r 


(4) 


: 
an 
| 
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The mass balances on active copolymers Q,, Qo, ---,Q, +++ etc. are 
Vko(Bi) — — — (Qu) — g(Qi) = 9 (5) 


— Vki(Q,) — =0 for 2<r (6) 


The mass balances on dead copolymers Ao, Az, ---, A, +++ are as follows: 
Vk-(P,) — =0 2<r (7) 
and for the dead copolymers Be, Bs, --- one can write the mass balances as 
Vke-(Q,) — =0 (8) 


Rearranging equation (4) and putting V/g = @, one obtains 


Similarly, by the rearrangement of equation (6) 


1 ku, 
+ (Pes) = (Q,) E + + + | (10) 


Pbb 6k »,,(Bi) ky,,(Bi) 


Let 
1 Rt, 


+ Ky 
Pab 1 1 ke, 


Ks, + = 


Ky 


Since steady state is assumed, (A;) and (B;) are fixed, therefore K,, Ko, 
K; and Ky, may be regarded as constants. It is seen that the values of K, 
and K3 are the same as for the case of monomer termination. However, K2 
and Ky, are different. Equations (9) and (10) become 


(P,1) + Ki(Q,-1) = K2(P,) (11) 
(Q,-1) + K;(P,-1) K,(Q,) (12) 


From the above two equations, one may obtain the following difference equation 
in terms of (Q,): 
a(Q,+1) + 6(Q,) + c(Q,1) = 0 (13) 


where 
a= b=— (Ke+ (1 K,K;) 


| 
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The solution of equation (13) was obtained previously in part a of section I as 


(Q,) = aZ;" + BZ," (14) 
where 
— b+ vb? — 4ac — b— vb? — 4ac 


2a 2a 


(Qi)Z1 — (Q2) (Qe) — 
Z\(Z2 — Z;) ZA(Z2 — 


Ra ky ky K3ka 
(P,)=——, Q).=-——, =—— + (16) 
Ry Ro Ks 2K 


Thus expressions for (Q,) and (P,) have the same form as for the case of 
monomer termination, i.e. 


[(Q1)Z2 — (Q2) [(Q2) — 
+ 
(Z2 — (Z2 — 


1 
(P,) = — (Q2) ]Z1" + 2) — 


— [£(Qu)Z2 — + — J} (18) 


The value of the dead copolymer species concentration (A,) can be obtained by 
the insertion of the expression for (P,) given by equation (18) into equation (7): 


= {K, )Z2 — 2) — |Z2" 
(Q2) + [(Q2) (Q:) 122") 
— — + — (19) 


Similarly, by the substitution of equation (17) into equation (8), one obtains 
the expression for the dead copolymer species (B,) as follows: 


(A,) 


Oki, 
(B,) = — (Qe) + — (20) 


It is seen that with spontaneous termination, simpler expressions for the 
concentrations of the dead copolymer are obtained than for the case of monomer 
termination. In the present case, the rth dead copolymer, A,, is formed only 
by the deactivation of the active copolymer P,, while in the case of monomer 
termination, A, is formed by two kinds of deactivation, the reaction between 
P, and monomer A, and the reaction between Q, and monomer A;. Now the 
solution for the steady state concentrations of monomers A; and B,; must 
be found. 


pice 
(Q,) ( 17 ) 7 
| 
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The summation of equation (4) on r from one to infinity is 


and the summation of equation (6) to infinity gives 


+ Vi Bi (P,) — VR (Q,) 


(Q,) (Q,) =0 (22) 


Solving equations (21) and (22) for 3°, (P-) and }>,* (Q,) simultaneously, the 
following expressions may be obtained: 


(P,) = Ral Ar) LR 0(A1) (Bi) (24) 

Dividing equations (1) and (2) by V and putting V/g = @, it follows that 

(Pe) + (QI + = 0 (25) 

— 6-'(Bi) — 


_ (By) (Pr) + (QI + = (26) 


(23) 


Inserting the values of (P:), 351% (P,) and 3,” (Q,) given by equations (16) 
(23) and (24) into equation (25) gives 


— Ra(A1) 

| kal Ar) +87! J +R o(A1)(Bi) 


Ra(A1) 


ky, (Av) +R p,,(Bi) +0“ 


—(Ai)Rp, 
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Similarly, if one inserts the values of (Qi), 1% (P,) and 1” (Q,) given by 
equations (16), (23) and (24) into equation (26), one obtains 


ka(Ar) LR +R, +O +R 0(A1) (Bi) 
ki ko(B1) 
The simplified forms of equations (27) and (28) are 


=0 (28) 


a,(A)* + a2(A1)°(Bi) + + a4(A1)(Bi)® + 
+ ae(A1)*(Bi) + a7(A1)(Bi)? + as(Ai)? + a°(Ai)(Bi) 
+ ayo(B1)? + + + ai3 = (29) 


b,(By)* + + 63(B1)*(A1)? + 64(B1)(A1)* + 55(Bi)* 
+ be(B:)*(Ai) + 67(B1)(A1)? + 53(Bi)? + 5°(Bi)(Ai) 
+ byo(A;)? + b1:(B:) + by2( As) + bis 0 (30) 


in which the coefficients a; --+ 5; are expressions similar to those 
under equation (36) of section B, I, a. Equations (29) and (30) can be solved 
for (A) and (B) simultaneously by the Newton-Raphson method as mentioned 
in the case of monomer termination. The concentrations of the copolymer 
species and the molecular weight distribution can be calculated from equations 
(17), (18), (19) and (20). 


C. COMBINATION TERMINATION 


Consider the case when the active copolymer molecules are deactivated by 
reactions with other active copolymer molecules. Based upon the same as- 
sumptions as were made for the case of monomer termination (Section B, I, a), 
the mass balance on monomer A, may be written as: 


g(As)o — g(Ar) — — VA) (P,) + (Q)]=0 (1) 


and the mass balance on B is 


— g(B,) — — (P,) + (Q,)]=0 (2) 


i 
t 
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The mass balance on P, is 


(P,) + (Q,)] — g(P:) =0 (3) 


For the active copolymers Ps, P3, ---, P,, --+ etc. one can write 


VR + VR — — 


— Vke(Pr) (Pr) — — (Pr) =O for 2<r (4) 
1 1 
The mass balances on the active copolymers Q;, Qo, ---,Q, +++ are 


Vkes(By) — — — Vin (Q) (P,) 


= (Q,) q(Qx) =0 (5) 


Vie + (Qr-1)(Br) — VR — 


é (Q,) — 4(Q,) =0 2<r (6) 


Let (M,) represent the concentration of the rth dead copolymer species. 
It must be noted that in the cases of monomer and spontaneous terminations, 
the notations A, and B, are used to represent the rth dead copolymer, because 
in those cases the end unit of the dead copolymer is determined by the reaction 
scheme. However in the present case, i.e., combination termination, the dead 
copolymer is formed by the reaction of two free radicals, so that the end unit 
of the copolymer cannot be determined. Therefore (M,) is used to represent 
the concentration of the rth dead copolymer species regardless of the type of 
end unit. Then the mass balance on the dead copolymer M, can be written as 


s=1 


+ g(M,) = 0. (7) 


Since two summations, }-,;* (P,) and >-,* (Q,), are involved in the mass 
balances of free radicals given by equations (3), (4), (5) and (6), expressions 
must be found for }-,” (P,) and >>,” (Q,) in terms of the parameters; reaction 


D 
r—1 
s=1 
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velocity constants, reactor holding time and monomer concentrations, because 
these equations are to be solved by the method of difference equations which 
must have constant coefficients. Dividing equations (1) and (2) by g and 
putting V/qg = @ 


— (As) — — (P,) (Q,) =0 (8) 


(Bi)o (Bi) 6k »(B:) (P,) A(Bi)kp,, (Q,) = 0 (9) 


Solving the above equations for >>,” (P,) and >>; (Q,) simultaneously gives 


P,) (Bi)R (Ar) +O a(A1)— (Ar)o (Bi) +92 0(B1) — (Bi)o 
6(A1)(Bi)(k ps» — 

(10) 

(11) 


Substituting equations (10) and (11) into equation (4) and rearranging, one 
obtains the equation 


+ K,(Q,-1) K.(P,) (12) 


where 


ky, Bi) 1 

OR 


Similarly, if equations (10) and (11) are inserted into equation (6), it can be 
shown that 


(Q,-1) + K;(P,-1) K,(Q,) (13) 


7 
K,=— 
Ro. 
K 
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1 
Ry (Bi) p,,(Bi) 
pal (Bi) +0 0(B1) — (B1)o]} 


Since steady state is assumed, (A,) and (B;) are fixed, therefore Ki, Ko, Ks 
and K, may be regarded as constants. It is seen that the values of K, and K; 
are the same as for the case of monomer termination. However, more com- 
plicated expressions are obtained for Ky and Ky. This is because the two 
summations, )>:*(P,) and >>,” (Q,), are involved in the mass balances of 
active copolymer species given by equations (4) and (6). 

As before, the following difference equation in terms of Q, results from the 
combination of equations (12) and (13): 


a(Q,41) + b(Q,) + c(Q,-1) = 0 (14) 


a= K2K,, b= (Ket+ K,), c= (1 K,K;) 


The solution of equation (14) was obtained previously in the case of monomer 
termination as 
(Q,) = aZy" + BZ)’ (15) 


where 


’ 


2a 2a 


(Q1)Z2 — (Qs) (Q2) — 
25° 2:1) 
ky K3ka 


(Q;) = (Q:) = 


1062 
where 
Row 
Rows 
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| 
| a (16) 
17 
(P;) ( ) 
ky 
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Then the expressions for (Q,) and (P,) may be obtained from equations (13), 
(15), (16) and (17), as 


20 


(18) 


(P,) [K4(o1Z1" + 0222") — + (19) 


— Zi) 


= (Qi)Z2 — (Qs) 


The value of the dead copolymer concentration, (M,), can be found by sub- 
stituting equations (18) and (19) into equation (7) to give 


taa 


r—1 
+ — + 0222") ] 


(M,) = 
2K3°(Z2 — Z;)? 


Oki,» 


r—1 
+ Kz, + 0222") — + 
x + 


Thus expressions have been derived for the concentrations of copolymer species 
(Q,); (P,) and (M,) and are given by equations (18), (19) and (20) respectively. 
Ky, Ke, K3, Z1, Z2, (Q:1), (Qs), o1 and a are all functions of the parameters: 
reaction constants, reactor holding time, inlet monomer concentrations and 
the monomer concentrations in the reactor. Therefore, if these parameters 
are fixed, equations (18), (19) and (20) express the polymer concentrations at 
each degree of polymerization. 

In order to obtain a complete steady state solution, the monomer concen- 
trations (A;) and (B;) must be obtained as functions of other parameters. 

The summation of equation (4) on r from one to infinity is 


Vhea(Ar) + © — (P,) — 


(Q,)]- (P,.) =0 (21) 


| 
where 
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and the summation of equation (6) to infinity is 


Vkes(By) + Vkp,,(Bi) (Ps) — 
1 1 


(P,)] - — ¢X(Q,) =0 (22) 


Instead of solving the above two equations for >>; (P,-) and }>,” (Q,) as was 
done in the case of monomer termination, in the present instance it seems much 
easier to substitute the expressions for }>:* (P,) and }°,* (Q,) given by equa- 
tions (10) and (11) into equations (21) and (22) and then solve for (A;) and (B;). 
This method will be used, noting that equations (21) and (22) are second order 
functions of (P,) and Substituting equations (10) and (11) 
into equations (21) and (22) and rearranging, the following relations result: 


a,(A,)*(B)? + a2(A,)*(B,)® + a3(A1)*(B,) + a5(A;)(B,)* 
+ ae(A1)?(Bi) + a7(A,)(B;)? + as(A;)? + a,(B,)? + @i9(A1)(B) = 0 (23) 


and 


by (A1)?(Bx)* + + + + (Ai)? 
+ b6(Bx)?(Ai) + 57(B1)(A1)? + 63(B1)? + bo(Ai)* + = (24) 


in which the coefficients a; --- @:0, 6; --- bi) are expressions similar to those 
under equation (36) of section B, I, a. 

Equations (23) and (24) can be solved for (A) and (B;) simultaneously by 
the Newton-Raphson method as mentioned in the case of monomer termination. 
The concentrations of the copolymer species can be calculated from equations 
(18), (19) and (20). 


D. DISPROPORTIONATION TERMINATION 


Consider the case when the active copolymer molecules deactivate each 
other by the transfer of an atom from one radical to another; one radical leads 
to a saturated and the other to an unsaturated molecule. Suppose that the 
rate constants for the termination reaction are independent of molecular size 
and end unit, i.e., 

Rtas Rtas Revs ke 


Also based upon the same assumptions that were made in the case of mono- 
mer termination (Section B, I, a), the mass balance on monomer A; may be 
written as 


g(Ar)o — g(A1) — — (P,) — (Q,) 


+ VkAP;) (P,) + (Q,) = 0 (1) 


1 1 
‘ 
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and the mass balance on monomer B, is 
q(Bi)o — g(Bi) — Vko( Bi) — Vey,(Bi) — (Q,) 
1 1 


+ Vk(Q:) (P,) + (Q,) = 0 (2) 
1 1 
The mass balance on P, is 


1 


(Q,) — = 0 


For Po, P3, ---, P,, one can write 
VR + Vik — — Vp, ,(P,-)(Bi) 
VRAP,) (P,) VRAP,) (Q,) q(P,) 0 2 < r 
1 


Similarly, the mass balances on active copolymer species, Q;, Qe, Qs, ---, Q, 
may be written as 


Vko(Bi) — Veep — — (P,) 
1 


~ VkAQ:) (Q,) — 4(Q:) =0 (5) 


Vk», (P—1)(Bi) + VR (Bi) Ve 


It is seen that the mass balances on the active copolymer species P,, Ps, - - - 
Qi, Qe, ---,Q,, °** are the same as in the case of combination termination. 
This is due to the fact that the reactants of the termination reactions are the 
same in both cases. 

In the present case, two dead copolymer species are formed by the deactiva- 
tion of two active radicals, and monomers A, and B, are reproduced by the 
termination reactions of P, and Q, with other free radicals. Hence, the mass 
balance on dead copolymer species A, is 


VEAP.) (P,) + (Q,) — =0 (7) 
1 1 


4 
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and for the dead copolymer species B,, one can write 
(P,) + VRAQ,) (Q,) q(B,) =0 2<r (8) 


Since two summations, >>,” (P,) and >>,” (Q,), are contained in the mass 
balances of free radicals given by equations (3), (4), (5) and (6), expressions 
for >>:*(P,) and >>:*(Q,) must be developed in terms of the parameters: 
reaction velocity constants, reactor holding time, inlet monomer concentrations 
and monomer concentrations in the reactor. This is necessary in order to 
solve equations (3), (4), (5) and (6) by the method of difference equations 
which must have constant coefficients. In the case of combination termination, 
expressions for >>,” (P,) and >>:*(Q,) were obtained from the mass balances 
on monomers A, and B;. However, in the present instance, P; and Q, are 
also contained in the mass balances on monomers A, and B, so that the same 
technique cannot be applied. 

The expressions for }-;*(P,) and >-,*(Q,) in terms of the parameters may 
be obtained as follows. The summation of equation (4) on r from one to 
infinity is 


Vka(Ar) + (Q,) (P,) — (P,)? 


and the summation of equation (6) to infinity is 
— VALE QIF = 0 (10) 
Adding equation (10) to equation (9), there results 
Vie(As) + — — QI] 


Dividing the above equation by V and putting V/g = @, a quadratic equation 
in terms of (P,) + (Q,)] is obtained. 


(P,) + (Q,) P+ (P,) + (Q,)] — ka(A1) + = 0 


Solve this equation for }>,* (P,) + +17 (Q,) and choose the positive root, 
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denoted by y. 


— + Ve? + + ] 


+ X (Q,) = =y (il) 
2k, 


(12) 


Substituting equation (12) into equation (9) and solving for >°:” (Q,), repre- 
sented by the symbol A, 
yO" + y*he + — Ra(Ai) 


7 (Q,) = = A 13) 
Rpya(A1) + ky, (Bi) +> + 


Then from equations (12) and (13), 


2 + 
(P) =7-4= (14) 
Thus expressions for }°,* (P,) and >>,” (Q,) are found in terms of y and the 
reaction parameters: (A;), (Bi), @ and the reaction velocity constants. 
Substituting equations (13) and (14) into equation (4) gives 


(P41) + Ki(Q,1) = K2(P,) (15) 


where 


Bi) 1 ky 


+ 


Similarly, if equations (13) and (14) are substituted into equation (6), one 
can obtain 


Ky = 1 


(Q,-1) + K;(P,_1) K,(Q,) (16) 


where 


1 ky 


+ ‘ 
ky,,(Bi) 6k 
From equations (15) and (16), the following difference equation results: 


a(Q,41) + 6(Q,) + c(Q,1) = 0 (17) 


where 


The solution of equation (17) was obtained in part 1 of section II as 


(Q,) = + BZ," 


| 
: 
+ 
K;=—, 
Row, 
(18) 
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— b+ vb? — 4ac — b— vb? — 4ac 


‘41 


2a 2a 
(Qi)Z2 — (Q2) — Z1(Qx) 


ka ky ky 
(Pi) = —, Q)= » (Qe) = 


and the expressions for (Q,) and (P,) become 


1 


[KZ + 92% 2") — + ] (22) 


Although these same expressions for (Q,) and (P,) were found in the cases of 
monomer, spontaneous and combination termination, the values of Ky and 
Ky, are different in each instance. Therefore, (Q;), (Qe), (Q,) and (P,) are 
dependent on the termination mechanism. 


Now the value of the dead copolymer concentration (A,) can be obtained 
by substituting equations (21) and (22) into equation (7) to give 


6k 
K3?(Z2 Z;)? 


+ 0222") — + ] 
Ok: 


+ — + 0222") — + ] 
K;(Z2 — Z;)? 


x + (23) 


and the expression for (B,) may be obtained from equations (21), (22) and (8) as 


Ok, 


K;(Z2 — 
+ 0222") — + o2Z2"")] (24) 


+ o2Z2"—") 


1068 
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Since Ki, Ke, K3, Ka, Z1, Z2, (Q1), (Q2), o1 and o2 are known functions of the 
parameters, they may be considered as constants when the reactor’s operating 
conditions—temperature, pressure, inlet monomer concentrations and holding 
time—are fixed. Therefore equations (21), (22), (23) and (24) are the functions 
of the degree of polymerization r. 

Next the steady state concentrations of monomers A, and B, in the reactor 
must be found. Since (P;) and (Q;) are contained in equations (1) and (2), 
they must be eliminated before the values of >>,” (P,) and >> :* (Q,) are inserted 
into equations (1) and (2) in order to find (A;) and (B;). Substituting equation 
(11) into equation (3) and solving for (P;), 


+ + key + 
Similarly from equations (11) and (5), one obtains 
k»(Bi) 
(Qi) = (26) 


Inserting the expressions for >>,” (P,), 301” (Q,), y and (P;) given by equations 
(12), (13), (25) and (11) into equation (1), the following equation may be 
obtained: 


(P1) 


(25) 


— + BO! + + 


Re? 


X + + + 
+ VO? + 4k + 
2k; 
+ — (Ai) — + Rosa)(Ar) + + 267 Je 
— + Rpar(Bi) + per(Ar) + Rake(Ar)} 
— OAR + + + ] — Rake(A1)} 
— + + 
x[ 
+ [(Ar)o — (Ar) — ORa(A1) Wh + + 
X + Rpas(Bi) + 
— + + =O (27) 


at 
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Similarly, from equations (11), (12), (13) and (2), 
— Vo? + + 
2k, | 

+ {[(Bi)o — (Bi) — Ok o(B1) — O( pa 
E + Vo? + + 

2k, 
+ {(Bi)o — (Bi) — + (Apes + + 
— py(Bi)[ + + + ky, — Raki(A1) 
+ + + 
f= Vo? + 4k[ka(Ar) + 

+ [(Bi)o — (Bi) — + + 
X + + 

— OBi)R + + = 0 (28) 


Equations (27) and (28) can be solved for (A;) and (B,) simultaneously by 
the Newton-Raphson method as mentioned in the case of monomer termination. 
Then from equations (21), (22), (23) and (24), the concentrations of the co- 
polymer species can be calculated. 


OR py (Bik? | 


II. BATCH PROCESS 
A. MONOMER TERMINATION 


Consider a copolymerization proceeding in a batch reactor. It is supposed 
that the initiations of monomers A; and B, are first order reactions and the 
propagations second order. The radical or active copolymer molecules are 
terminated only by collisions with monomers. The reactor is to be operated 
isothermally and at constant volume. Let P, represent the rth active co- 
polymer molecule with A, as the end unit, Q, the rth active copolymer molecule 
with end unit B;, A, the rth dead copolymer molecule with end unit Ai, and B, 
the rth dead copolymer molecule with end unit B;. Also let (P,), (Q,), (A,) 
and (B,) denote the corresponding concentrations. Initially there are only 
monomers A, and B, in the reactor. The rate constants are assumed to be 
independent of molecule size. 


) 
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Theoretically, the propagation reaction may proceed to give active mole- 
cules of unlimited length. However, since the rate equations are to be solved 
numerically by the use of a digital computer of finite capacity, it must be assumed 
that the propagation reaction stops when the 48th active copolymer molecule 
is formed. Then the longest dead molecule which can be obtained will be the 
one with a chain length of 49. The rate equations may be written as follows: 


d(Aj) 
dt 


1 


48 43 
ky, (Bi) (P,) Reys(Bi) (Q,) 
d(P;) 


d(Q:) 
d(P,) 
d(Q,) 
d(A,) 

= [Rtaa(Pr—1) + Reso(Qr—1) (Ar) 


d(B,) 
+ for 2 < r < 48 


= ky(Bi) (Ross + (Rt. + 


= + Rpra(Qr+1) (Ar) — + 
— + Rtas)(B)(Pr) 

= + (Br) — (Ross + 
— + 


The above system of 194 simultaneous nonlinear first order differential 
equations must be solved in order to investigate the concentration changes of 
monomers A; and B,. The effects of the parameters, rate constants and the 
initial monomer concentrations, on the molecular weight distribution will also 
be studied. There is no analytical solution to this system of nonlinear differ- 
ential equations. However, it may be solved by the Runge-Kutta method of 
numerical integration. The computations of the present problem were carried 
out on the Univac Scientific Computer Model 1103. 


a 
= 
(B,) 
dt 
‘al 
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Numerical Example and Discussion 


As was mentioned before, several previous workers**?> made the steady 
state assumption for active copolymers. However, in the present work this 
assumption was not made. Therefore, it seems interesting to see how the 
concentrations of the active copolymers change with reaction time. A compu- 
tation was made using the following parameters: 


(Ai)o = 1.0 g mole/liter 
(Bi)o = 1.25 g mole/liter 
ke = 0.1 
ky = 0.01 1/hr 


ky. = 10 liter/g mole hr &;,, = 1 liter/g mole hr 
= 30 liter/g mole hr = 3 liter/g mole hr 
= 10 liter/g mole hr = 1 liter/g mole hr 
k»,, = 30 liter/g mole hr k,,, = 3 liter/g mole hr 


2 


CONCENTRATION (Pr) (Qr) 


050 
REACTION TIME , hours 


Fic. 23.—Batchwise copolymerization—monomer termination. The behavior of 
iow molecular weight radicals. 


Figure 23 is a plot of low molecular weight copolymer concentrations versus 
reaction time. The activated monomer P, increases from 0 to 1.8 XK 10-*g 
mole/liter in a short time, 0.063 hr, and then increases very little as the reaction 
continues. For the A-type active copolymers Pe, P;, Ps and Pio, the longer 
the chain length, the lower the concentration of the chain, i.e., at any stage 


24 
| 20 

12 
ont] 
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of reaction the following relation remains: 
(P2) > (Ps) > (Ps) > (Pio) 


For B-type copolymer species a similar result, i.e., (Q2) > (Qs) --- > (Quo) is 
obtained. It must be noted that the concentration of activated monomer Q, 
increases from 0 to 2.3 X 10~‘ g mole/liter in 0.063 hr and then keeps a steady 
state value of 2.35 X 10~‘ g mole/liter. An interesting result is that (Q;) is 
lower than (Q2), (Qs), --*,(Qio). This may be due to the fact that the 
value of k» assumed is relatively small. Probably (Q;) would be higher than 


(Qs), (Qs), etc. for large kp. 


(Pr) gs mole liter X 
& 


5 


& 


3 


050 
REACTION TIME . hours 


Fic, 24.—Batchwise copolymerization—monomer termination. The behavior of 
high molecular weight radicals. 


Figure 24 shows the concentration curves of higher copolymer species. 
During the early stages of reaction, the concentrations of the high molecular 
weight active copolymer species are almost zero. After a certain time of reac- 
tion, they start to form and then increase slowly as the reaction continues. 
From the results of this computation, it is seen that one cannot assume a 
steady state concentration for the active copolymer molecules, especially in the 
early stages of reaction and for the high weight active species. Figures 25 and 26 
are plots of concentration curves for dead copolymers. The concentration of 
each dead species increases almost at a constant rate. There is a little delay 
in the formation of the dead species relative to that of the corresponding active 
copolymer species. Thus Qe starts to appear in 0.19 hr but the corresponding 
length of dead species, Boo, shows up in 0.25 hr. Since monomer B, was as- 
sumed to be more active than A, in the propagation and termination reactions, 


/ 
/ 
/ 
/ 
/ 
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/ 
/ 
/ 
/ / 
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/ 
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3 


mole/liter x 10° 
a 


a 


CONCENTRATION (A,),(8,) 


0.50 
REACTION TIME , hours 


Fic, 25.—Batchwise copolymerization—monomer termination. The behavior of 
low molecular weight dead copolymers. 


Q mole/liter x 10? 


CONCENTRATION (A,) (8, 


0.75 


050 
REACTION TIME , hours 


Fic, 26.—Batchwise termination. The behavior of 
high molecular weight dead copolymers. 
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the concentrations of B-type species are higher than those of their corresponding 
length of A-type copolymer species, i.e., 


(Qs) > (Pa), (Qas) > (Pas) 
(Bs) > (As), (Bas) > (Ass) 


One very important question about copolymerization is the relative amounts 
of monomer units A and B in the copolymer product. 
tribution is also an important factor for the study of the physical properties 
In Figure 27 are plotted the monomer concentrations (A;) and 


Molecular weight dis- 


Fic. 27.—Batchwise copolymerization—monomer termination. 
ka on the monomer concentration profiles. 


(B,) versus reaction time for several values of &a. 


Ows: 


1.0 g mole/liter 
0.1 1/hr 


(Ai)o = 
ky = 
kyu, = 32 liter/g mole hr 
ky,» = 32 liter/g mole hr 
k»,, = 20 liter/g mole hr 


ky», = 20 liter/g mole hr 


REACTION TIME , 


(Ae) = =1.0 
agg! 
2 


*2 


hours 


(Bi)o = 1.0 g mole/liter 


= 
Ress 
Rew, 


ki,, = 2 liter/g mole hr 


In this case the radical P, was assumed to be more active than Q, in the propa- 
gation reaction and vice versa in the termination reaction. 
that the two concentration curves coincide for k, = k, = 0.1, although the 
rate constants for propagation and termination are different. 
explained by the fact that the rate of consumption of monomer A, in the 


The other parameters are 


1 liter/g mole hr 
1 liter/g mole hr 
2 liter/g mole hr 


35 


The effect of 
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(Ac) = 10 (Be) = LO 
kp = Ol t= 2 he. 
Kpea = 32 Kae | 
32 Ktep = | 
20 
Kppp = 20 Kopp = 2 


iS 20 40 
DEGREE OF POLYMERIZATION , r 


Fic, 28.—Batchwise copolymerization—monomer termination. The effect of 
ka on the molecular weight distribution. 
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Fic, 29.—Batchwise copolymerization—monomer termination. The effect of 
k» on the monomer concentration profiles. 


propagation is proportional to (kp,, + kp,,) and B, to (kp,, + kp,,) and for 
this example 
+ Rove) = (Rous + Ross) = 52 


Also, in this case the rates of consumption of A; and B; by termination reactions 


are the same, 
(Risa + (Riss + Rey.) 3 
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Therefore when k, = k», the total rate of consumption of A is equal to 
that of B. 

Figure 29 shows the effect of ky on the concentration curves. In this case 
it is assumed that monomer B, is more reactive than A; in propagation and 
termination reactions. It is seen that the rate of consumption of B; is much 
faster than that of Aj. 

Figure 31 shows the effect of the reactivity of A; in the propagation reaction 
(Rp,, and k»,,) on the concentration curves. The curve for monomer B, remains 
the same, but the curve for A; changes for different values of kp,, and kp,,. 
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Fic, 30.—Batchwise copolymerization—monomer termination. The effect of 
k» on the molecular weight distribution. 
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Fic. 31.—Batchwise copolymerization—monomer termination. The effect of 
Rpg, and kp,, on the monomer concentration profiles. 
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Fic, 32.—Batchwise copolymerization—monomer termination. The effect of 
kp,, and kp,, on the molecular weight distribution. 


Fic. 33.—Batchwise copolymerization—monomer termination. The effect of 
(A)o and (B)o on the monomer concentration profiles. 
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FiG, 34.—Batchwise copolymerization—monomer termination. The effect of 
(B)o on the molecular weight distribution. 


CONCENTRATION (A) @) 


Fic. 35.—Batchwise copolymerization—monomer termination. The effect of 
kt on the monomer concentration profiles. 
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Figure 33 shows the effect of the initial monomer concentrations (A,)9 and 
(Bi)o on the polymer concentration curves. In Figure 35 is plotted the con- 
centrations of monomers A; and B, versus reaction time for several values of 
termination rate constants. Curve I isthe case where monomer B, is more 
reactive than A, in the termination reaction. Curve II is the case where 


60 


(Ac) = 100 (Be) = 1.25 
ke =O! = 0.01 


10 
Kpap= 50 
10 
30 


> 


WEIGHT FRACTION, W, percent 
8 


15 20 25 
DEGREE OF POLYMERIZATION , 


Fic. 36.—Batchwise copolymerization—monomer termination. The effect of 
kt on the molecular weight distribution. 
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Fic. 37.—Batchwise copolymerization—monomer termination. Instantaneous 
molecular weight distribution. 
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Fic, 38.—Batchwise copolymerization—the effect of termination step on the 
monomer concentration profiles, 
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Fic. 39.—Batchwise copolymerization—spontaneous termination. Instantaneous 
molecular weight distribution. 


monomer B, does not react with active copolymers in the termination reaction, 
and curve III refers to the similar case where monomer A, does not react in the 
termination reaction. Curve IV is the case where no termination occurs. 
Figures 28, 30, 32, 34 and 36 are the plots of the molecular weight distribu- 
tions corresponding respectively to Figures 27, 29, 31, 33 and 35. 
The effect of reaction time on the molecular weight distribution is shown in 
Figure 37. The curves for ¢ = 2.5 hr and ¢ = 3.0 hr are essentially the same 
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due to the fact that at that stage of reaction monomers A; and B, are almost 
used up and the reaction cannot go on. In the case of monomer termination, 
monomers A; and B, are needed in both the propagation and termination 
reactions. 

B. SPONTANEOUS TERMINATION 


The active copolymer molecules may be deactivated in several ways and it 
seems interesting to see the effect of spontaneous termination on the curves of 
concentration and molecular weight distribution. Based upon the same as- 
sumptions made for the case of monomer termination, the rate equations may 
be written 


dt 
d(Bi) 
dt 
d(P,) 


= ka(A1) — Rpg(A1)(P1) — &pas(Bi)(P1) — 


d(Qx) 
ko(Bi) — + + hes 


d(P,) 
poa(Pr—1) + }(Ar) poa(A1) + + ki, \(Pr) 


d(Q,) 


d(A,) 
= k,,(P, 


d(B,) 
= 2 < < 48 


47 47 


Numerical Example 


A computation was carried out on the Univac Scientific Computer Model 
1103 in which the following parameters were used: 


(Ai)o = 1.0 g mole/liter (Bi)o = 1.0 g mole/liter 
kg = 0.1 1/hr ky = 0.01 1/hr 
kyo. = 10 liter/g mole hr k,, = 1.0 1/hr 
ky, = 30 liter/g mole hr ky, = 3.0 1/hr 
k»,, = 10 liter/g mole hr 
k»,, = 30 liter/g mole hr 
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In this case monomer B,; was assumed to be more reactive than A, in the 
propagation reaction. Curve II in Figure 37 shows the concentration changes 
of monomers A, and B;. In Figure 39 are plotted the molecular weight dis- 
tribution curves at various stages of reaction. An interesting result is that the 
behavior of the weight distribution is somewhat different than that in the case 
of monomer termination. Instead of approaching a steady state distribution 
at ¢ = 3.0 hr as in the case of monomer termination, the weight fractions of 
low copolymers increase slightly after a certain reaction time (=1.5 hr). This 
is a characteristic of spontaneous termination. When the monomer concen- 
trations in the reactor reach a sufficiently low value, the termination reaction, 
which is independent of (A,) and (B;) in this instance, proceeds faster than 
the propagation and initiation reactions, which are proportional to the monomer 
concentrations. Eventually, the termination reaction lowers the active co- 
polymer concentration enough so that the relative importance of initiation as 
compared with propagation increases and the remaining monomers tend to 
start new chains, which are generally terminated after a few steps, rather than 
add to the existing chains. It should be emphasized that this effect is neces- 
sarily relatively small. 


C, DISPROPORTIONATION TERMINATION 


Consider the case where the active copolymer molecules deactivate each 
other by the transfer of an atom from one radical to another; one forms a 
saturated and the other an unsaturated molecule. It is supposed that the 
reaction schemes for initiation and propagation are the same as in the case of 
monomer termination. 

The rate equations are as follows: 


d(Aj) 47 47 
d(B,) 
+ (Q) + kes 
d(P:) 
d(Q;) 48 48 
= k,(B,) CR + (P,) + Rwy, (Q,) }(Q:) 


4 
= 
aS 
7 
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+ Rpya(Qr—1) ](A1) 
Ch + Rpas(Pr—1) ](Bi) 


As) + + (Pe) + hen 

d(A,) 
dt 

d(B,) 
dt 


48 48 
[Rese (P,) + Rtas (Q,) 


Numerical Example 
A computation was carried out on a digital computer assuming the following 
parameters: 
(Ai)o = 1.0 g mole/liter (Bi)o = 1.0 g mole/liter 
kg = 0.1 1/hr k, = 0.01 1/hr 
pas = 10 liter/g mole hr k.,, = 1.0 liter/g mole hr 


k 
k»y,, = 30 liter/g mole hr k:,, = 1.0 liter/g mole hr 
k 


poa = 10 liter/g mole hr kz,, = 3.0 liter/g mole hr 
k»,, = 30 liter/g mole hr 


The above values of the parameters are the same as were assumed in the case 
of spontaneous termination. The only difference is in the units for the rate 
constants for termination because termination is a second order reaction in the 
present case and first order in the case of spontaneous termination. 

Curve IV in Figure 38 is the plot of monomer concentration versus reaction 
time. It is seen that monomers A, and B, decrease more rapidly than in the 
cases of monomer and spontaneous terminations. In Figure 40 are plotted 
the molecular weight distribution curves at several stages of reaction. A steady 
state distribution is obtained at about 2.5 hr. 


D. COMBINATION TERMINATION 
The rate equations can be written as follows: 
d(A1) 


1084 
d(P,) 
dt 
d(Q,) 
dt 
48 48 
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(Be) = LO 
= | 
=! 


4 | 
10 ‘5 
DEGREE OF POLYMERIZATION ' 


Fic, 40.—Batchwise copolymerization—disproportionation termination. 
Instantaneous molecular weight distribution. 


d(B,) 


dt 


= ka(Ai) — Rp,,(A1)(P1) — Rp,,(Bi) (Pi) 


= — — (P,) — (Q,) 


d(Q:) 43 48 
k»(Bi) Ar) + + Riss (P,) + (Q,) (Qi) 


d(P,) 


d(Q,) 
= + Rpas(P }(Bi) 


d(M,) 


= (P.)(Prs) + (Ps)(Qr-s) + (Q.)(Q,-») 


dt s=1 s=] 


for 2<r<'48 


6 

(As) = LO 
205 ke 

5 10 

= 30 

10 = 

= 30 Kipp 3 

4 

\ 125,30 

t=20 

2 \ a 

4 
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10 15 20 25 30 35 40 
DEGREE OF POLYMERIZATION fF 
Fic. 41.—Batchwise copolymerization—coupling termination. Instantaneous 
molecular weight distribution. 


> 


WEIGHT FRACTION W 
5 8 


I MONOMER COLLISION 
IL SPONTANEOUS 

II NO TERMINATION 
IZ DISPROPORTIONATION 
COMBINATION 


20 25 
DEGREE OF POLYMERIZATION 


10 


Fic, 42,—Batchwise copolymerization—the effect of termination step on the 
molecular weight distribution. 
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Numerical Example 


The following parameters were assumed for a computation on the computer : 
(Ai)o = 1.0 g mole/liter (Bi)o = 1.0 g mole/liter 


kg = 0.1 1/hr ky = 0.01 1/hr 
10 liter/g mole hr k:,, = 1.0 liter/g mole hr 


Paa 


k 

ky,» = 30 liter/g mole hr ki, = 1.0 liter/g mole hr 
koxq = 10 liter/g mole hr ki, = 3.0 liter/g mole hr 
k 


po» = 30 liter/g mole hr 


Curve V in Figure 38 gives the concentrations of the monomers and is 
exactly the same as in the case of no termination. If the reaction scheme is 
carefully examined, it is seen that no monomer is reproduced by a termination 
reaction and furthermore, a longer chain length of dead copolymer is formed 
by the mutual reaction of two active copolymer molecules. This also can be 
considered as a form of propagation of the chain. In Figure 41 are plotted the 
molecular weight distribution curves at several stages of reaction. A steady 
state distribution is obtained at 2.5 hr. 


SUMMARY FOR PART B 


In Part I, continuous copolymerization was considered. Assuming that 
the rate constants are independent of the molecule size and that a steady state 
is maintained in the reactor, the mass balances were solved by the method of 
difference equations. The concentrations of copolymers were obtained as 
functions of the system parameters: inlet monomer concentrations, rate con- 
stants, holding time and the monomer concentrations in the reactor. From 
these analytical solutions the steady state concentrations of all species of 
copolymers and the molecular weight distribution can be calculated. Four 
different cases of termination mechanisms were considered. A numerical 
example was given for the case of monomer termination in which two 3rd order 
simultaneous algebraic equations in terms of (A;) and (B;) were solved by the 
Newton-Raphson method. The algebraic equations for (A;) and (B;) are 4th 
order in the cases of spontaneous and disproportionation termination and 5th 
order for combination termination. 

Batch copolymerization was discussed in Part II. Assuming that the 
propagation reaction stops when the 48th active copolymer is formed, the re- 
sulting system of 194 simultaneous non-linear first order differential equations 
was solved numerically by the Runge-Kutta method. The computations were 
carried out on the Univac Scientific Computer Model 1103 at the University 
of Minnesota. It was found that the steady state approximation for the active 
copolymer concentrations cannot be made. The effects of the system param- 
eters on the monomer concentration profiles and the molecular weight distri- 
bution profile were examined for all types of termination. 


5 
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C. DEGRADATION 


The term degradation or depolymerization means the conversion of high 
molecular weight or otherwise structurally complex materials to substances 
of simpler structure. Systems which received early attention were those in- 
volving natural macromolecules such as those of cellulose and the pectins, 
which could be hydrolyzed, i.e., degraded or depolymerized, to simpler carbo- 
hydrates. These are the “‘monomers” of the corresponding macromolecular 
weight materials. About a century ago, when, as now, pyrolysis was a common 
technique, the thermal breakdown of rubber to isoprene, dipentene and other 
relatively simple and obviously related compounds was achieved. It is also 
found that synthetically formed vinyl-type polymers can be decomposed to 
products of lower molecular weight and the rapid development of the plastic 
industry has stimulated interest in degradation processes. Polymer degrada- 
tion can be induced by chemical, photochemical, radiochemical, or thermal 
methods. Two types have been studied extensively: (1) the hydrolytic degra- 
dation of cellulose and related compounds, (2) the degradation of vinyl-type 
polymers. The first of these usually yields monomer as an end product, while 
the end products from the second process may or may not be monomer, depend- 
ing upon the conditions and the polymer degraded. 


THE HYDROLYTIC DEGRADATION OF CELLULOSE AND 
ITS RELATED COMPOUNDS 


Starch and cellulose are known to be constructed from glucose units linked 
together as in maltose and cellobiose, respectively. Hopff, Mark and Meyer” 
made the first quantitative (experimental) investigations on the hydrolysis of 
starch and cellulose. They pointed out that this hydrolysis occurs mainly at 
random, along the length of the molecules. However, they were not sure 
whether all interunit bonds are identical or whether pairs of giucose units are 
joined by links of a different type. 

Kuhn and Freudenberg” also investigated this problem and showed that 
the linkages that are initially present split with greater difficulty than those 
remaining near the completion of the degradation. That is, cellobiose and 
cellotriose degrade faster than polymers with a higher degree of polymerization 
(or longer length of polymer chain). Kuhn*! used a statistical approach to 
derive expressions for the degree of degradation as a function of time for the 
following conditions: 


a) All bonds are independent of one another and all have the same prob- 
ability of breaking. 

b) All bonds, except those joining biose (dimer) units, react at the same 
speed and those joining biose units react more quickly. 

c) Bonds joining biose and triose (trimer) units react at the same speed but 
more rapidly than all other bonds. 

d) Biose and triose units are distinguishable in the polymer, but the biose 
unit must be isolated before further degradation can take place. 
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e) The two bonds of a biose unit in the chain have the same probability of 
breaking, but if one of these is broken the other will then assume a different 
probability of cleavage. 

f) Two kinds of bonds are initially present which react at different rates. 


Kuhn also defined the degree of degradation @ as 


where .V is the number of breakable bonds which the initial polymer possessed 
and S is the number of bonds which are broken after the reaction. 

Scatchard®? and Montroll and Simha* investigated the hydrolytic degrada- 
tion of gelatin and showed that all the linkages in the gelatin molecules are 
equally susceptible to hydrolysis and that their rates are independent of 
molecular weight. 

In this part of the paper, it is desired that the rate equations describing the 
general case of random scission process (all bonds have different velocity 
constants) can be derived from the viewpoint of kinetics. Since the rate 
equations describing the random scission process in a batch reactor are a system 
of linear first-order differential equations. Matrix methods, straightforward 
integrations or Laplace transformations may be used to obtain the analytical 
solutions. For actual computations, a digital computer will be used. 


Degradation of Vinyl Polymers 


High polymers of the vinyl type can be broken down to give smaller units; 
in some cases predominantly monomer units. 

Backman* investigated the degradation of a number of polymers and tried 
to find the relation between the monomer produced and the chemical structure 
of the polymers. He pointed out the fact that disubstitution on the a-carbon 
atoms is a considerable advantage in the production of monomer, and in the 
case of styrene, nuclear substitution tends to increase the yields of monomer. 
However, he did not establish the mechanism of the degradation of vinyl 
polymers. 

Jellinek*® made an experimental study of the thermal depolymerization of 
bulk polystyrene. He found that the molecular weight (average) decreased 
to a limiting value instead of continuously to very small values. He concluded 
that the degradation of polystyrene is not a completely random scission reaction 
and he assumed it was a chain reaction. 

Tuckett®, starting from statistical thermodynamics, has derived expressions 
for the size distributions in degraded polymers, assuming (a) random degrada- 
tion and (b) non-random degradation with preferential splitting at the ends 
of chains. 

Based upon statistical analysis, Montroll*’ and Simha* studied this problem 
with the assumption that all bonds connecting monomeric units have the same 
probability of being broken at a high degree of degradation. 


4 
ve 
a 
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As a result of more recent experimental work, it has been confirmed that 
the thermal degradation of vinyl polymers proceeds by a free radical chain 
mechanism. Based upon this reaction scheme, Simha, Blatz and Wall*® estab- 
lished a kinetic analysis of degradation as a chain reaction in a batch reactor. 
Their theory is considered the soundest one so far. The kinetic scheme 
adopted by them may be written formally as follows: 


Initiation: 


k 


k 
2.  Ps—> Rave + Re 
Propagation: 
ke 
Ra Ry-2 + Re 


Transfer: 


k 


4=n 
Termination: 


ka 
Ri: + Pit Pn 
= stable polymer with m carbon atoms in the chain 
radical corresponding to P,, 
= monomer 
Py = initial polymer 


Initiation is due to several causes such as thermal effects, catalyst fragments, 
and photochemical effects. Initiation is brought about by the fission of the 
polymer chains into two free radicals. This can occur randomly along the 
chains or exclusively at the ends. All radicals are assumed equally reactive. 
The radicals formed by initiation are unstable and easily lose monomer units, 
i.e., they depropagate. This depolymerization process may be considered as 
the reverse of the growth (propagation) of polymer chains in polymerization. 
The reaction chains may be terminated by the interaction of two radicals. 
A radical also may be stabilized (or killed) by transferring its activity to a 
stable molecule which then decomposes into two fragments, one a radical, the 
other a stable chain. The rate equations describing such reactions in a batch 
reactor are a system of m simultaneous nonlinear first order differential equa- 
tions. Simha and coworkers linearized these equations by assuming a steady 
state for the free radical concentration. 

It seems interesting to use the kinetic scheme adopted by Simha to study 
the degradation process of vinyl polymers in a batch reactor but not to assume 
the steady state for radical concentration. The changes in concentrations of 
polymer species and monomer in molecular weight distributions are always 


q 
7 
=n—2 
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interesting subjects. The system of simultaneous nonlinear first order 
differential equation can be solved numerically by a digital computer. 
I. RANDOM SCISSION PROCESS IN A BATCH REACTOR 
A. THE METHOD OF STRAIGHTFORWARD INTEGRATION 


Case 1). All bonds are independent of one another and all have the same 
probability of breaking, i.e., the reaction constant is the same for the scission 
of all bonds. 

It is assumed that the original chain length is (V + 1), and so has V bonds 
which can be broken. One can write the kinetic scheme as follows: 


k 


lsi<r 
The rate equations are 


d(M w41) R 
= — NRki(My41) (1,N +1) 
dt 
d(M,) N41 
= 2k, (M,)—(r—1)ki(M,) for 1<r<N+1 


t p=r+l 


where (M,) denotes the concentration of polymer with a chain length n. 
Let (Mns1)o be the initial concentration of M,4;. Integration of equation 
(1, V + 1) yields 
(My41) = (2, + 1) 
Substituting the above equation into equation (1, V) gives 
d(My) 
+ (.V — 1)ki(My) = 
which has the solution 
(May) = — (2, N) 
Substituting equations (2, V + 1) and (2, V) into equation (1, V — 1) 
d(My-1) 
dt 
The solution of above equation is 


(My-1) = — (2, N — 1) 


+ (N — 2)ki(My_1) = — 


Similarly, 


= 
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and in general 


— OSn<SN-2 (2,N—n) 


The sum of equations (2, V + 1), (2, N), --+ (2,2) is 


N+1 
(M,) = (M w41)oL —(N- 


Then from equations (1,1) and (3) 


d(M,) 
= — (N — 


Integration of above equation gives 
(Mi) = (Mw4a)oL(N — — + N 4 1] 
From equation (4) it is seen that as t > 
(Mi) (N + 1)(Mw41)o 


This shows that the final product of the degradation process is monomer. 

Case 2). All interunit bonds in all molecules larger than dimers break at 
the same rate, and the single interunit bond in dimers itself breaks faster. The 
kinetic scheme is 


k 
1<i<r 
he 
M; 


The rate equations for polymers My4:, Mw, --- Mz; are the same as those for 
case 1. In general 


d(Mn-_n) N+1 


p=N—n+1 
The rate equations for M2 and M, are 
d(M2) N+1 
= 2ki (Mp) — ko(Me) 
p=3 


d(M1) wet 
= 2k (My) + 2k2(M2) 


4 
3) 
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The solution of equation (1’.) was obtained in case (1) as follows: 


(My-n) = + 
ne~(N—nt kit 2(n + (2’) 


where 0 S$ n S N — 3. From equation (2’) 


(M,) = (Mws1)oL(V — —- (N 


Substituting the above equation into equation (1’.2), 


d(M2) 


+ ko(M2) = — — (N — 


The integration of the above equation is 
2ki(Mw41)o 
(M2) = {(N — 1)(k2 — 
(ke 2k1) (ke 
(N 2)(ke 2k; )e~ + [ki(N + 1) ke Je~***} (4’) 
Substituting equations (3’) and (4’) into equation (1’.1), 


d(M;) 
= — 1)e*** — (N — 


4h 
(ke — 2k1)(ke — 3h1) 
— (N — 2)(ke — + + 1) — 


{(V 1)(Re 3k 


The solution of the above equation is 


(My+1)o 
(ke — 2ki)(k2 — 
+ (N — 1)(3k2 — 2k1)(ke — — 2(N — 2)(ke — — 1) 


+ 4ki[ki(N + 1) — (5’) 


It is seen that expressions for (M2) and (M);) in this case are more complicated 
than those in case 1. 

Case 3). All interunit bonds in molecules larger than trimers react at the 
same rate. The bonds in dimers and trimers react at a faster rate. Let 


= 
dt 
+ 
a 
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k, = rate constant for fissions of trimer and dimer; k; = rate constant for all 
other bonds. Then one can write the kinetic scheme formally as follows: 
ky 
45 r2N+4+1 
1<i<r 


ky 
M;— M, + 


ks 
+ M, 


The rate equations for My41, My --- M, are the same as those for case 1. 
In general 
d(M N-1 
(M,) — (N —n — 1)ki(Mw-n) (1’’.n) 


dt p=N—n+1 


where 0 S » S N — 4 and the rate equations for M3, Mz and M, are 


d M;) N+1 
—— = (M,) — (1’”.3) 
p=4 


= (M,) + — (1.2) 


p=4 


d(M N+1 
= (My) + 2ko(Ms) + (1’”.1) 
p=4 


The solution of equation (1’’.) was obtained previously as 


(M = + 2)e 


where 0 S$ nm S$ N — 4. From the above equation obtain 


(My) = (My4i)oL(N — — (N — (3’) 


p=4 


Substituting above equation into equation (1’’.3) 


d(M3) 
+ 2ko(Ms) = 2ki(Mw4i)oL(N — — (N — 
t 


| 
dt = 
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Solving for (M3) 
2k1(M 
— — 4h) 
— (N — 3)(2k2 — + ((N + 1)ki — 
Substituting equations (3) and (4’’) into equation (1.2) gives 


d(M2) 
——- + ko(Me) = (NV — — (N — 


dt 
(2ke — 3k1)(2k2 — 4k:) 
— (NV — 3)(2ke — + + 1) — 


{(V 2)(2ke 4k; 


(Ms) 


{(N — 2)(2k2 — 


Solving above equation by straightforward integration, one obtains 


2ki(Mn41)o (N — 2)(2k2 — 4k1)(4k2 — 
(M2) = e 
— 3k;)(2k2 — (ke — 
(V — 3)(2k2 — 3k:)(4k2 — 


(ky — 4k,) 


(ke — (kz — 


Substituting equations (3”), (4’”) and (5’’) into equation (1”’.1), 
d(M;) 2ki(M41)o 
dt (2k — 3k,)(2ks — 4h) 
— (N — 3)(2k2 — 3k1)(4k2 — 
(N — 2)(2k2 — 4k1)(4k2 — 3h:) 


(N — 2)(2k2 — 4h:)(4k2 — 


2 3kit 
(ke — 
(N — 3)(2ke — 3k1)(4k2 — 
— ke — skit 
(ks — 4h) 
(N — 2)(2ke — 4k1)(4k2 — 
‘| (ky — 


(N — 3)(2k2 — 3k1)(4k2 — 
(ke — 4h:) 


4 
(V — 2)(2k2 — — (N — 3)(2ke — 3k1)(4k2 — 
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The integration of the above equation gives 
2ki(Mw41)o 

— — 4h) 

— 2)(2k2 — 4k1)(4k2 — 3k1)(2k2 — 3hk:) a 

3ki(k2 — 
(N — 3)(2k2 — 3k1)(4k2 — 4k1)(2k2 — 
(1 — 
4ki(ke — 
— 2)(2k2 — — 3k1) (N — 3)(2k2 — 3ki)(4k2 — 4h:) 
(ky — 31) (ks — 4h) 


(Mi) 


e~ shit) 


Thus the expressions for the concentrations of polymer species and monomer 
as a function of reaction time were obtained. It is easily seen that as the 
number of different velocity constants is increased, the solutions become more 
complicated. 


B. THE MATRIX METHOD 


(General case of random scission process in a batch reactor in which 
all reaction velocity constants are different) 


Let Mwy be the original polymer with chain length (V + 1), i.e., the chain 
contains (V + 1) units, and so has N bonds which can be broken. Let ; 
be the degradation velocity constant for the ith polymer M,, and (Mwy41)o the 
initial concentration of the original polymer Mwy. It is assumed that the 
volumetric change is negligible and the reactor is to be operated at constant 
temperature. It is also assumed that all interunit bonds in a given molecular 
species break with equal ease and the reaction rate coefficient depends only 
upon the degree of polymerization. The reaction scheme can be written as 
follows: 


k, 
M,— M;+ M--; 2<r< N+1 


Since the original polymer My4; has N bonds which can be broken, the rate 
at which Myy4, is being transformed is 


d(M n+1) 
wai) 


= 
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If polymer Mwy: is broken at an end unit, then polymer My and monomer 
M, are formed. Furthermore polymer Mwy, can be broken at both end units; 
therefore the rate at which My is being formed in unit volume is 


2kwii(M 


The Nth polymer My has (.V — 1) bonds which can be broken. Therefore 
the rate at which My is being transformed in a unit volume of the reactor is 


(NV — 1)ky(My) 
Then the rate equation for the mth polymer My can be described as 


d(My) 
= — (V — 1)kn(My) 
In general 
d(M,) N+1 
=2 > k,(M,) —(r—1)k(Mr) 1S 
dt p=r+l 


(Mw41) (M n—x+2) 
— = — (N —k + = Gee 


Then the rate equations become 


+ 


+ + 433¥3 


dyn 


dt 


dYn+1 


The above set of equations can be expressed in matrix notation as follows: 


dY 
—=AY (2) 
dt 


a 
Let 
dy; 
dt 
dy2 
dl ae 
dys 
— = (1) 
dt 
: 
7 
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where Y is a column vector 


Ban 


yn+1 is not included in the matrix notation, because if it were the square matrix 


would have a column of zeros and the determinant of A would equal zero. 
In this case the matrix method given below would fail. However one can 
solve the » simultaneous first order differential equations by a matrix method 
and then substitute the result into the (m+ 1)th equation to carry out the 
integration. 

In order to solve differential equations by a matrix method, one should 
understand the following important definitions: 


Given a matrix 
Gin 
don 
Onn 
1) The characteristic matrix of a square matrix A is the matrix (A _ AI), 
in which I is the unit matrix having diagonal elements 1 and all other 
elements zero. 
2) The equation det (A — AI) = 0 is called the characteristic equation of 
the square matrix A. 
3) The roots of the characteristic equation of the square matrix A are called 
the characteristic roots or eigenvalues of A. 
4) If rows and columns are interchanged, the matrix obtained is called the 
transpose matrix. 


5) The adjoint of a square matrix is that matrix whose element in the ith 
row and jth column is equal to A;;, where A,; is the cofactor of a;;. 


Yn 
and A is am X m square matrix 
0 0 O 
a, 0 O 0 
a as ' 
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6) Sylvester’s Theorem: If the m eigenvalues of the square matrix U are all 
distinct and P(U) is any polynomial of U, then 
(—1)™*! adj(U — Axl) 
P(U) = (5) 
m 
II (Ne 


Now consider the solution of equation (2), if we let B be a column vector which 
represents the initial value of Y, i.e., 


(My41)o 
Y,=B= when 0 


The solution of equation (1) is in the following form 
ag 
Since matrix A is a constant, we can expand et as follows: 


(At)? 


(8) 


The function elt can be calculated by means of (8) and then substituted into 
equation (7). Therefore the expression (7) gives the exact solution to our 


present problem. However for large values of ¢ the computation of edt by 
means of (8) is cumbersome. We can make use of Sylvester’s formula (5S) and 


change e“‘ to a more convenient form. From equation (5) 
adj(A — 
IT (Ax — 
jek 
where the \,’s are the characteristic roots of if Substituting the above expres- 
sion for e4! into (7), we may obtain 
adj(A — dul) 
Y => (10) 
IT — Aj) 
Now the characteristic equation of A is 


0 0 


ay, a22 — r 
ay 


a2 


| 
| 


a2 


(6) 

a 

7 

e 

a3 : 
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Expanding the above determinant, 
(a4; — A)(@22 — A) (Guan — A) = O 
The eigenvalues are 
= Gun, Az = G22, An = Gan 


and they are all distinct. We also have to compute the matrix product 
adj(A — \,1)-B, where B is given by (6). The resultant matrix is a column 
vector as follows: 
Ai, 
A 
(My41)o | (11) 
Ain, 


where Aji, Aiz,, *** Ain, are the cofactors of the elements in the first row of 


the characteristic matrix (A — \,I). For the first eigenvalue \;(=a1), the 
characteristic matrix is 


41 
The cofactors for the elements in the first row are 


Aw, = Il (dpp — 411) 


p=2 


= — (a1) (pp — 11) 


Au 0 
a 
a 


aq de a4 Gee 


Subtracting the 1st row from the 2nd row and then expanding the resulting 
determinant, 


Ais, = (@1)(a2 — + Il (app — 


p=4 


0 0 0 0 
ay 0 0 
a, a2 a33 — : 
: a3 : 
: : : 0 
Qnn — 
| 0 
0 
a : 
Ais, = ll 


POLYMERIZATION KINETICS, USE OF A DIGITAL COMPUTER 1101 


The ith cofactor for the first eigenvalue is 
i—1 n 
Au = (@p — app tan) an) 
p=2 Q=i+l 


where 3S in. In general the cofactors for the Ath eigenvalue Ax(=axx) 
are as follows: 


Ay, = Il (app — 
p=2 


= Il (ap — App + axe) II (agg— for i>1 (12) 
p=2 


Q=it+1 


Inserting (11), (12) and the eigenvalues into (10) 


Il (app— Axx) 


p=2 


— (a) II (App— kx) 


li . p=3 


(—1)**i(a,) I TT 


=i+1 


= 
k=1 


Il (aj;— 


jk 


: n—1 
(—1)"*"(a,) 


4 


Therefore 


Vu I (app — 


1 n 
II (45; — 


Il (app — =Q@Q for £= 


p=2 
= 


(y1s)(—a1) 


2 


Il (aj; — xx) 


j#k 


(y1i)(@1)(a2 — + ane) 


3 


I (aj; — axx) 


n 
| 
Ye 
Yn 
p=2 
n 
| 
Since 
n 
| 
= 
k=l 
¥3 
k=1 a 
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In general we can write the following expression for y; 
i—1 
Il (ap — App + Axx) 
p=2 
yi = 


where 3 Si S n. 

An expression for yn: is needed in order to complete the solution of the 
problem. If equation (14) is substituted into the rate equation of yn4: in (1), 
the following first order differential equation can be obtained: 


d n Mii 
= — Axx) — (@1)(a2) II (app — Gx) 


dt k=1 
Il — Gxt) 
j#k 


n+1 


+ IL (ap — Gpp + aur) II (agq — 


Q=i+1 


The integration of the above equation gives 


G3) Vii 
Vn+1 x 
k=1 


Il (aj; — 


xX La Il — Axx) — (a1)(a2) Il — Axx) 


p=2 


t—1 


+ (ap — App + Aux) Il (agq — (15) 


i=4 Q=i+1 


Changing to the original notation 


(Mn41) (Mn41)0€ —nkniit 


Dknt | 


+ 
‘ 


q=1 


(Ma) = (Mass) | 


IT [2kn—pte + (n — pt — (n —G@t+ 1)kn—o+2] 
(16) 


II L(n q + (n J + kn—j+2 ] 


(14) 
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where 3<i<m. From (15) we obtain the following expression for the 
monomer concentration: 


(M;) = 
II (m— j+1)kn_j+2] 


q 


X TL C(t — + — (8 — P+ 


p=2 


n 


i=4 p=2 


Thus the analytical solution of the present problem by means of matrixes has 
been completed. 


C. THE NUMERICAL METHOD 


An analytical solution for the system of simultaneous first order differential 
equations describing the random scission process by the method of straight- 
forward integration or matrix was obtained (parts a and b). However, it is 
surely more convenient to solve the rate equations numerically by the use of 
a digital computer. 

Suppose a polymer with a chain length 100 monomer units, Moo, degrades 
randomly in a batch reactor. Also assume that volumetric change is negligible 
and the reactor is to be operated at a constant temperature. Let (Muoo)o be 
the concentration of original polymer species Mioo and assume that all bonds 
except those in trimer and dimer units react at the same rate. 

The kinetic scheme can be written as follows: 


ky 
M,— M,+ M,--; 1<i<r-1 


4<r< 100 
ks 
M;— M:+ M2 


ke 
M:— M, 


|| 
| 
A 
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The rate equations describing the above reactions can be written as follows: 
d(M 100) 
dt 


d(M,) 100 
= 2k, (M,) — (r—1)k&i(M,) for 4<r< 99 
t r=1 


d(Ms) 100 
= (M,) 2k2(M3) 
dl p=4 


d(M2) 100 
= 2k, + 2k2(M3) — 
p=4 


d(M;) 100 
2k: (My) + 2k2(Ms) + 2k3(M2) 
p=4 


991(M 100) 


Numerical Examples 
Case 1) ki = ko = kz 


This is the case where all bonds degrade at the same rate. A computation 
was carried out on the digital computer by assuming the parameters as follows: 


(Myoo)o = 1.0 g mole/liter 
ky => ke = ks = 1/min 


The concentrations of Mioo, Mso, Meo, Mao, Ms, Mz and M, were punched 
out for reaction times 2, 4, 6, --- 90 min and the molecular weight distribution 
was calculated at reaction times 30, 60 and 90 min. It took about 40 minutes 
of computing time for the calculation of a set of parameters. 

In Figure 43 are plotted the concentration curves of M100, Mso, Meo, Mao, Ms, 
Mz and M;. The concentration of the original polymer Myoo decreases with 
reaction time. For the values of parameters we assumed, (Mioo) becomes 
almost zero in 60 minutes. The concentration of Mgo increases during the 
early stage of reaction, attains the maximum value 0.21 g mole/liter at 14 
minutes, and then decreases as the reaction continues. At the maximum 
value of concentration, the rate of formation equals the rate of transformation, 
i.e., in the rate equation, the following relation is obtained: 


d(Mwo) 
=0 
dt 
The similar situation can be seen for the cases of Mgg, Mgs, --- Mz and Mo. 
In the rate equations of these polymers, there is a positive term (the rate of 


formation) and a negative term (the rate of transformation). At the early 
stage of reaction, the rate of formation exceeds that of transformation, and 
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Fic. 43.—Random scission process—concentration profiles of polymers. 


vice versa after the maximum concentration is obtained. It takes a longer 
reaction time for the lower weight polymers to reach the maximum than the 
higher weight polymers. As mentioned in part b of this chapter, the final 
product of the random scission process will be monomer. In the rate equation 
for the monomer M,, d(M;)/dt is always positive; therefore, the monomer 
concentration increases continuously with the reaction time. It is also ex- 
pected that as reaction time approaches infinity, 


(M1) — 100(M 100) 0 


The instantaneous molecular weight distributions at various stages of the 
reaction are shown in Figure 44. It is seen that a narrower distribution can 
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Fic, 44.—Random scission process—instantaneous molecular weight distribution. 
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Fic. 45.—Random scission process—the effect of k: on the concentration 
profiles Mioo, Mao and Mi. 


be obtained for a longer reaction time. This is because the higher molecular 
weight polymers degrade to lower weight polymers and monomer as the reaction 
continues. 

The effect of &; on the concentration curve is shown in Figure 45. An 
interesting result is that the larger the value of &, the longer the reaction time 
needed for the polymers Mg --- — Mg (for example, Myo is plotted in Fig- 
ure 45) to reach the maximum concentration. The effect of k; on the mo- 
lecular weight distribution profile is shown in Fig. 46. 
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Fic. 46.—Random scission process—the effect of ki on the molecular weight distribution. 
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ky = hp 
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Fic. 47.—Random scission process—the effect of (M100)0 on the concentration 
profiles of Miso, Mae and Mi. 


In Figure 47 is shown the effect of initial concentration of Mioo on the 
concentration profile. It is seen that M4 obtains the maximum concentration 
at the same reaction time for various values of (Mioo)o. The effect of (Mioo)o 


on the molecular weight distribution profile is shown in Figure 48. 
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Fic. 48.—Random scission process, The effect of (Mioo)o on the molecular weight distribution. 
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Fic. 49.—Random scission process. ki =k: <ks. The concentration profiles of polymers and 
monomer. (Note: on this figure please read M2 instead of M; and Ms instead of M2). 


Case 2) ky = ke 


This is the case in which all interunit bonds except those in the dimer have 
the same value of reaction constant and where those in the dimer react more 
quickly. Following parameters were assumed for the computation. 


(Mioo)o = 1.0 g mole/liter 
ky 2= 10-* 1/min 
= 10°? 1/min 


x10? 


mole / liter 


CONCENTRATION, (Mp), mole / liter 
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Fic. 50.—Random scission process. ki <k: <ks. The concentration profiles 
of polymers and monomer. 
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Fic. 51.—Random scission process. Molecular weight distribution. 


The concentration profiles for M100, Mso, Meo, Mo, Ms, Mz and M, are shown 
in Figure 49. Those except M2 and M, are the same as in the case of (a). This 
is to be expected, because the rate equations for (M2) and (M;) involve 3, 
and its values for the two cases are different. Note that (Mz) is less than (M3) 
in the present case. The curve B in Figure 51 gives the molecular weight 
distribution profile. 


Case 3) ki < ko < ky 


same value of reaction constant and when dimer degrades faster than trimer. 
Following parameters were assumed for the computation. 


(Mioo)o = 1.0 g mole/liter 


k; = 10-* 1/min 
ke = 5X 1/min 
k; = 10° 1/min 


In this case all interunit bonds except those in trimer and dimer have the 


Figure 50 gives the concentration curves. Those curves except for (Ms), 
(M2) and (M;) are the same as in case 1). It is seen that the rate of formation 


| = 
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of monomer M,; in this case is faster than in cases 1 and 2. The curve C in 
Figure 51 gives the molecular weight distribution profile. 


II. DEGRADATION AS A CHAIN REACTION 
A. RANDOM INITIATION, DEPROPAGATION, TRANSFER AND TERMINATION 


The kinetic scheme which will be used in this section was proposed by 
Simha and Wall**. Chemically, the reaction scheme can be written formally as 


Initiation: 
me C— — Cw C — 
x 
Depropagation: 


€-C-C-C. 


Transfer: 


C-C-C-C—m 
! 


Using Simha and Wall’s nomenclature, i.e., 


P,, = stable polymer with m carbon atoms in the chain 
R, = radical corresponding to P, 


P. = monomer 


Let (P,), (Rx) and (P2) be their corresponding concentrations. Suppose that 
the chain length of initial polymer is 70 and its initial concentration is (P7o0)o. 
P79 degrades in a batch reactor which is operated isothermally and at constant 
volume. Based upon the chemical reaction scheme just described, write the 
kinetic scheme as follows: 


H 
| 
+ C - C. 
H HH H 4H 
+ 
H 
4 
Termination: 
- + —C-C-H + Ce C-C- Com 
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Initiation: 


k 
+ Ry: 2<i<r-2 
4<r<70 
Depropagation: 
Ris + 4<r< 68 
Transfer: 


k 
28 


2<i<68 
Termination: 
2Si,nS68 


In Simha and Wall’s mathematical formulas the following errors were made. 

(1) The rate equation for Py_; was given. Since they assumed that the 
chain length of initial polymer is V and monomer has two carbon atoms, the 
longest chain in the product must be Py_2 and not Py_;. Therefore Py_1 
does not exist. 

(2) The term &3R 50 n41* P, in the rate equations for P, and R, must be 
multiplied by 2, because the polymer P, can be broken at two ends to give the 
same length of lower weight polymers. 

In the present work assume NV = 70. We adopt Simha and Wall’s assump- 
tion that in the transfer step, if there are m carbon atoms and both end groups 
have single bonds, there will be (n — 2) hydrogen atoms available; for double 
bonds at both ends there are (n — 4) hydrogen atoms; and if there is an end- 
group of each type there will be (m — 3) transferrable hydrogens. Therefore 
on the average, (n — 3) hydrogen atoms will be accessible for transfer. 

Then the rate equations can be written as: 


a(P,) 
+ the E + MLE + WR.) 
+ (RILPn) + 3<r<68 
d(P2) 


= ALE (RI] + (hE (R) + ALE + YR) 


i=2 


+ (RJ + (P,)] 


dt 
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Fic. 52.—Degradation as a chain reaction. The behavior of low molecular weight polymers. 


The rate equations for the radicals are as follows: 


d(Res) 


= 2[ki + ks (Ri) ](Pz0) 


{ha + (Rs) + (i — 3)(P,) + (Res 


i=2 i=4 


d(R,) 68 68 
= 2hkitks (Ri) + (Pd) + 


t i=2 i=r+2 


{ha + (Re) + (4 — 3)(P,) + 


i=2 i=4 
for 3<r< 67 


d(Re) 68 68 
= 2kitks (Ri) JL(P70) + (Px) ] + 


— {ka (Ri) + (i — 3)(Ps) + 67(Pr0) (Re) 


i=2 i=4 


No analytical solution to this system of 135 nonlinear differential equations 
can be obtained. However they can be solved numerically by Runge-Kutta 
methods. The computations were carried out on the Univac Scientific Model 
1103. The purpose of the computation was to see the behavior of radicals and 
dead chains, and to find the effects of parameters hk, ke, k3, ks and (P7o)o on the 


1.2 
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concentration curves of initial species and monomer and on the molecular 
weight distribution curves. 


B. NUMERICAL EXAMPLES AND DISCUSSION 


A computation was made assuming parameters as follows: 


(Pz)o = 1.0 g mole/liter 
k, = 0.05 1/hr 
ko = 0.02 1/hr 
k; = 0.01 liter/g mole hr 


k, = 0.1 liter/g mole hr 


In Figure 52 are plotted the concentration curves for lower weight polymer 
species. At the early state of the reaction, the concentrations of radicals, Re, 
R3, Rs and Rep are about the same. The concentration of dead monomer P» 
is lower than that of the corresponding radical R2 until / = 1 hr. After that 
exceeds (R2). The active monomer can be formed by initiation, de- 
propagation and transfer reactions of higher molecular weight species and de- 
activated to P, by transfer and termination reactions. The dead monomer P, 
can be formed by depropagation, transfer and termination reactions of higher 
molecular weight polymer. However, P2 is the final product and cannot be 
transformed. During the early stage of reaction (R2) is higher than (P2), but 
since Rez may be transformed into P2 by transfer and termination reactions, 
P, will be higher than R,» in a certain time of reaction. In the rate equation for 
(Pz), the instantaneous reaction rate, d(P.)/d/, is always positive. Therefore 
(P2) will increase with the reaction time continuously until the degradation 
process stops. Although d(P;)/dt is also always positive, the rate of formation 
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Fic, 53.—Degradation as a chain reaction. 
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Fic. 54.—Degradation as a chain reaction. The effect of ki on the 
concentration profiles of (P70) and (P2). 


of P; is slower than that of P, because P; cannot be formed by a depropagation 
reaction as in the case of P2, Figure 53 shows the behavior of higher polymers 
P35, Pso, Pes, Ras, Reo and Res. At any stage of the reaction the concentration 
of radical is higher than that of the corresponding dead polymer. From 
Figures 52 and 53 the following relations can be seen: 


(Rs) > (Ra) > (Rs) > --- > (Res), (Ps) > (Pa) > (Ps) --- > (Pes) 


It must be noted that the radicals, Re, Rs, --- Res do not attain any steady 
state concentration. Instead, they behave like the dead polymer species, 
P2, P3, --- Pes. This is clear from the concentration curves in Figures 52 
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Fic. 55.—Degradation as a chain reaction. The effect of ki on the 
molecular weight distribution. 
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Fic. 56,—Degradation as a chain reaction. The effect of k: on the 
concentration profiles of and (P:2). 


and 53. Therefore in order to obtain an exact kinetic analysis of a degradation 
process, the steady state approximation for radicals as Simha and Wall made 


cannot be assumed. 

Upon examining the kinetic scheme carefully, it is easily seen that most of 
the product which can be obtained for a long reaction time will be low mo- 
lecular weight polymer and it is also expected that as x, (Ps) 
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Fic. 57.—Degradation as a chain reaction. The effect of k: on the 
molecular weight distribution. 
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The concentration curves of initial polymer Pz) and monomer P2, and the 
molecular weight distribution, are very important in the study of a polymer’s 
degradation. 

The effect of &; on the concentration curves of Pz and P» is shown in 
Figure 54. In Figure 55 is shown the effect of &; on the weight distribution 
profiles. 

In Figure 56 the effect of k2 on the concentration profiles of Pj> and P» is 
shown. There is no change in the concentration profile of Pz. This is to 
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Fic. 58.—Degradation as a chain reaction. The effect of ks on the 
concentration profiles of (P70) and (P2). 
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Fic. 59.—Degradation as a chain reaction. The effect of k: on the 
molecular weight distribution. 
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Fic. 60.—Degradation as a chain reaction. The effect of ks on the 
concentration profiles of (P70) and (P2). 
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Fic, 61,—Degradation as a chain reaction. The effect of ks on the 
molecular weight distribution. 


be expected, because Pz) is not involved in the depropagation reaction. The 
effect of ke on the molecular weight distribution profile is shown in Figure 57. 
It is seen that the relative weights of P3, Ps, --- Pes, Rs, Ra, --- Res are not 
changed, while those of Pz, Re, Rez, Res, Per and Pes are changed little. 

Figure 58 shows the effect of &; on the concentration profiles of Pz) and P,. 
The rate of decrease of Po is faster for the larger value of ks. The initial 
polymer P79 degrades by initiation and transfer reactions. We can consider 
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the transfer reaction as a special step of initiation. In the latter case a dead 
polymer molecule is broken into two radicals, while in the former case a dead 
chain and a radical can be formed. A comparison between Figures 54 and 55 
shows that the effect of &; on the concentration profile of P;) is more pronounced 
than that of &;, but &; has more effect than &,; on the concentration profile of P». 
In Figure 59 are plotted the weight distribution curves for various values of k3. 

Figure 60 shows that k, does not affect the concentration profile of Py». 
This is to be expected from the kinetic scheme, because the polymer P7 is not 
involved in the termination reaction. However, the concentration profile 
changes slightly upon changing the value of ky. The effect of k, on the mo- 
lecular weight distribution profile is shown in Figure 61. 
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F1G. 62.—Degradation as a chain reaction. The effect of (P70)o on the 
concentration profiles of (P70) and (P2). 


The effect of the initial concentration of Pz) on the concentration and weight 
distribution profiles is shown in Figures 62 and 63 respectively. 

The instantaneous weight distribution curves at various stages of the 
reaction are shown in Figure 64. 


lil. DEGRADATION AS A REVERSE POLYMERIZATION 
A. TERMINAL INITIATION, DEPROPAGATION AND TERMINATION 


Degradation may be considered as the reverse of polymerization. It con- 
sists mainly of three reactions corresponding to those of polymerization. Using 
the same nomenclature as in the case of addition polymerization, i.e., M, de- 
notes the dead polymer with a chain length r and P, denotes the corresponding 
radical. Note that P, and R, are used to represent the dead and active poly- 
mers respectively in the case of random initiation with transfer reactions. 
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Fic, 63.—Degradation as a chain reaction. The effect of (P7»)o on the 
molecular weight distribution. 


This nomenclature was used in order to make the rate equations consistent 
with those derived by the previous workers*’. 

Now the three steps of depolymerization (or degradation) must be under- 
stood before trying to write the rate equations. The three steps are: (1) Initia- 
tion; the elimination of a terminal unit from the polymer chain. For example, 
a dead polymer M; with chain length i can be broken into two radicals, P,_, 
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F1G. 64,—Degradation as a chain reaction. Instantaneous molecular weight distribution. 
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and P;. (2) Depropagation; that is, splitting off monomer unit from an active 
chain end. (3) Termination; suppose two polymer radicals react with each 
other and form two dead polymer chains by disproportionation. The other 
ways of termination are those mentioned in the case of addition polymerization; 
they are monomer collision, spontaneous termination; and combination 
termination. 

Assume the length of the initial polymer is 70 and the concentration origi- 
nally (Mzo)o. Consider Mzo degrades in a batch reactor according to the 
following kinetic scheme: 


Initiation: 
i<n<70 
Propagation: 
1<i< 69 
Termination: 
M; 1<i,j<69 
The rate equations describing the above system of reactions can be written as 
d(M7) 
= — 2ki(Mio) 
d(M,) 
di 
d(M2) 
dt 
d(M;) 
dt 
d(P,) 


69 
= 2ki(Mr4i1) + ko(Pr41) — [ke + ks> (P,) )(P,) for 1<r< 69 
t 1 


= — 2k,(M,) + for 2<r< 69 


(P,) 


= (Pi) J+ (Pi) 


B. NUMERICAL EXAMPLES AND DISCUSSION 


A computation was carried out on the digital computer by assuming param- 
eters as follows: 
(M7)o = 1.0 g mole/liter 


k, = 0.1 1/min 
ke = 0.5 1/min 
k; = 0.1 liter/g mole min 
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One purpose of the present work is to note the behavior of polymer species 
during the degradation process in a batch reactor. In Figure 65 are plotted 
the concentration curves of monomer M,, dead species, Mso, Mss, Meo, Mes 
and the corresponding radicals, Ps0, Ps4, Peo and Pes. The concentrations of 
low weight molecules P2, P;, --- Pio, M2, Ms, --- Mio are almost zero for the 
parameters assumed. The dead monomer M, is formed by depropagation and 
termination reactions of active polymer. Furthermore, the main product of 
an initiation process is the active monomer P;; and this P; can be converted 
to dead monomer M, by the termination reaction. Therefore, most of the 


Pes 
(Myo). = 1.0 
ky 4 
k2 =0.5 
ky = 0.1 


mole / liter 
9 mole / liter 


= 
Pso 
= z 
-f 
Zz 
z ~ 


- 
- 


REACTION TIME, t, minutes 


FiG. 65.—Degradation as a reverse polymerization. The behavior of polymers. 


final product in the degradation process will be the monomer M,;. At 1 hr we 
obtain (M,) = 24 g mole/liter. However, in the case of random initiation 
(M;,) was less than 1 g mole/liter for most of the parameters assumed (see 
Figures 54, 56, 58). 

From the kinetic scheme it is clear that the active polymer species Pes, 
Pe, --- Pi are formed by the initiation and depropagation reactions and 
transformed by the termination reaction. Since the initiation and depropa- 
gation reactions can only occur at the end of chain, there is a delay in the 
formation of lower molecular weight polymers. For example, from Figure 65 
it is seen that Peo shows up in 6 minutes and P59 in 18 minutes. For the same 
length of chain active polymer starts to show up earlier than the corresponding 
dead polymer. For example, P¢ shows up in 6 minutes and the corresponding 
dead polymer Meo in 9 minutes. This is to be expected, because dead polymer 
chains are formed by termination reactions of the corresponding active chains. 
Here note that in the case of random initiation with transfer reactions, there 
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FG. 66.—Degradat on as a reverse polymerization. The effect of k: on the 
concentration profiles of M7o and Mi. 
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Fic, 67.—Degradation as a reverse polymerization. The effect of ki on the 
molecular weight distribution. 
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is no delay in the formation of lower weight species, i.e., all species show up 
simultaneously (see Figures 52 and 53). 

At any stage of the reaction, the concentrations of active species are higher 
than those of the corresponding dead species. 

It is also found that the longer the chain of the polymer, the faster it 
attains the maximum concentration. Both the active and dead species behave 
in a similar fashion; the concentration of each species increases to a maximum 
value and then decreases slowly. A steady state concentration is never 
reached. This is a very important result, because previous workers*® assumed 
a steady state for the radical concentrations. Now, it is clear that the steady 
state assumption cannot be made if exact kinetic analysis of degradation 
process is desired. 


1.2 


(M79), 21.0 
ky 0.1 
ks 0.1 
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° 
CONCENTRATION, (M,), 9 mole/liter 
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2 
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FG. 68.—Degradation as a reverse polymerization. The effect of &: on the 
concentration profiles of Mrs and M:. 


In the case of a degradation process, the concentration changes of initia 
polymer Mj and monomer M, are usually examined. Usually the degradation 
process is used for the purpose of manufacturing monomer M). 

The effect of k, the rate constant for the initiation reaction, on the concen- 
tration profiles of Mz) and M; is shown in Figure 66. Figure 67 shows the 
effect of k; on the weight distribution curve. The shape of the distribution 
curve for a small value of &; is quite different than for large hy. 

The effect of k2, the rate constant for depropagation reaction, is shown in 
Figure 68. Since the initial polymer Mz is not affected by a depropagation 
reaction, there is no change in the concentration profile of M;. For a small 
value of k2, a narrow distribution curve was obtained (curve I in Figure 69). 
This is because most of the active chains are converted to dead chains by 
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Fic. 69.—Degradation as a reverse polymerization. The effect of k: on the 
molecular weight distribution. 
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Fic. 70.—Degradation as a reverse polymerization. The effect of ks on the 
concentration profiles of M7zo and Mi. 
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Fic. 71.—Degradation as a reverse polymerization. The effect of ks on the 
molecular weight distribution, 
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Fic, 72.—Degradation as a reverse polymerization. The effect of (M70)o on the 
concentration profiles of Mre and Mi. 
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Fic. 73.—Degradation as a reverse polymerization. The effect of (M70)o on the 
molecular weight distribution. 


termination reactions and therefore the concentrations of low molecular weight 
polymer chains are low. 

Figure 70 shows the effect of k3, the rate constant for termination reaction, 
on the concentration profiles of Mzo and M;. Since the initial polymer M7 is 
not involved in the termination reaction, its concentration profile does not 
change for different values of k;. The effect of k; on the weight distribution 
profile is shown in Figure 71. 

The effect of the initial concentration of Mz on the concentration and 
weight distribution profiles is shown in Figures 72 and 73, respectively. 


IV. RANDOM SCISSION PROCESS IN CONTINUOUS 
STIRRED TANK REACTORS 


A. THE MATRIX METHOD 


| | | | 


(Mi)m 


1 2 3 m 


Suppose a polymer with a initial degree of polymerization n + 1, Mn4i, 
degrades randomly in continuous stirred tank reactors in series. Assume all 
bonds in each molecular species break with equal ease, with reaction rate a 
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function of degree of polymerization. The kinetic scheme is as follows: 


k, 
1Si<rgat+i 


It will be supposed that only M,,4: is present in the feed to the first reactor 
and that any change in volume which may take place is negligible. It is also 
assumed that the operating temperature is the same for all reactors. If the 
agitation is complete, a steady state assumption may be applied for all species. 
Also assume V; = V2 = --- = V» = V. Now let us consider the material 
balance on species in the mth reactor. The rate at which M,,4; enters the mth 
reactor is g/Mn41)m-1. The rate at which it leaves is g/Mn41)m- The rate of 
breakdown is Vnkn4i(Mn+41)m, SO we can write the mass-balance equation 


Q(M ngi)m—1 = + 
Dividing above equation by g and putting V/q = @, the holding time, 
(Mngi)m—1 = (1 + (1) 
Similarly the mass balance on M, is 
(Mn)m—1 + = (Mn)m + — 1)6Rn(Mn)m (2) 


Similarly for Mn—1, Mn-2, etc., we write the mass balances as follows: 


= — + [1+ — i — 
for (3) 
In order to put above mass balances into a system of more convenient form, let 
(Mn—s+2)m—1 = 1+ — = Ger, — = Ge 


Then the rate equations become 


(¥1)m—1 211(¥1)m 
(¥2)m—1 = + 222(V2)m 


(Yn) m—1 + a2(¥2)m + + Gn—1(Yn—1)m + Ann(Yn)m 
(Yn+1)m—1 a1(¥1)m + a2(Y2)m + + + 


The set of equations (4) can be written out in a matrix notation as follows: 


U(m — 1) = AU(m) 


i 
n+1 
@ 
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where U(m) is a column vector 
(V1) m 


(Yn41)m 
and A is the (m + 1) X (m + 1) matrix 


Since the feed into the first reactor contains only Mx41, 


From equation (5) it is easily seen that 
U(m) = A-"U(0) (9) 


The matrix A is independent of m, and U(0) is specified by the concentration 
of M,4: in the feed into the first tank, therefore expression (9) gives the exact 
solution to the present problem. However, (9) is not in a convenient form, 
because the multiplication of matrices is cumbersome when m is large. Fortu- 
nately, Sylvester’s theorem, as mentioned in section C, I, b, can be used to 
change equation (9) into a more convenient form: 


adj(A — dl) 


k=l n+1 
Il (Ax \;) 


j#k 


m adj(A — Axl) _ 
) (—1)" TO 


The characteristic equation of A is 


on 0 0 
— 0 

ae a33 — 
a2 a3 


a2 a3 — A 


ay 0 0 0 
A = de (7) 
(yi)o 
0 
U@) = | 0 (8) 
Lo 
| | 
so that 
n+ 
“ws 0 
| 0 
| 
| a; 
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— — A) — A) = O 
The eigenvalues are 
Ar = = Goa, = 


and they are all distinct. 


The matrix product adj(A _ \ul).U(0) must be evaluated, where U(0) is 
given by (8). The resultant matrix is a column vector as follows 


An, 
(12) 


where Ajs,, Aix, °** Ai.n+1, are the cofactors of the elements in the first row 


of the characteristic matrix (A — dil). For the Ath eigenvalue \4(=axx) we 
obtain the following cofactors 


n+1 
Ain = II (app — ane) 
p=2 


and fori > 1 


n+1 


Avia = (—1)"*(a1) (ap — app + (aeq — ane) 


p=2 Q=i+1 
Inserting (12) into (11), we obtain 


m II (app — axe) 


(y2)m — — ix) 
(0s ) - (—1)'*(a,) (ap — + ax) 


k=1 n+1 p=2 


Il (aj; — Rex) n+l 
X II (ee — ane) 


Q=i+1 


(Ynt1)m (—1)?*"(a,) Il (ay — App + 


p=2 4 


The expression for (y:)m becomes 


1 
(y1)m ( 


Ag 
or 
| 
(13) a 
i 
y 
fe 
m 
1 
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and in general 
i-1 


4 (ap — + 


= (—) (14) 


Changing to the original notation, 


= ( ) 


1 + NOR 
1 


(1 + 1)0k,, = nOk n+1 


(Ma)m = (Mn+1)o(20kn+1) 


1 
[1 + (m — 1)0k, — (n — 


3 1 m 
(Mn—1)m = (Mn41)0(— 26kn41) | | 
a=) + (nm — g + 


[— 20kn — (nm — 1)6kn + (nm — + 


The general solution becomes 


i 1 m 
(Ma—it2)m = ] 
a=) |L1 + — g + 1)0Rn_o42 


— (n — pt + (mn — + 
(15) 


C(m — + — (n — + 4) 


where 2=i=n+1. Thus the analytical solution of the present problem 
by means of matrixes has been completed. The application of matrix methods 
to the problems of Chemical Engineering has been discussed briefly by Acrivos 
and Amundson*®, 


Gee 
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B. SIMPLIFICATION AND A NUMERICAL EXAMPLE 


Suppose that the length of the initial polymer is 100 and its concentration 
in the feed to the first reactor (Mj00)o. Also assume that the reaction rate 
constant is independent of the chain length, that is 


= Rigo 


If Mioo degrades in the stirred-tank reactors in series, one can write the material 
balances for polymers in the mth reactor as follows: 


100) m—1 g(M 100) m 99Vki(M 100) m = 0 


100 
q(My)m—1 + 2Vki (Mp) m V(r 1)ki(M,) m 0 


for 1<r<99 (1) 
Putting V/q = 6 and then solving for (Moo), (Mos), --- (M:), 
(M100) m—1 
1 + 996k, 


(M100) m 


100 
(My) m—1 + 20k, (M5) m 
=r+1 
for 1<r<9 (2 
1+ (r 1)6k, 


It is seen that if the inlet concentrations of polymers, (M100)m—1, (Moo)m—1, *** 
(M;)m—: are known, then the outlet concentrations (M100)m, (Moo)m, (M1)m 
can be calculated from above equations. From the first equation of the above 
system (2) obtain (M,oo)m and then substitute it into the second equation to 
calculate (Mo9)m and so on. 

The following parameters were assumed for the computation: 


(Mio0)o = 1.0 g mole/liter 
k, = 0.001 1/min 
6 = 100 min 
No. of reactors N = 4. 
In order to obtain a more accurate and faster result, the computation was 
carried out on a digital computer. It took between fifteen and twenty minutes 
of computer time to obtain the weight distribution profiles for four reactors 


in series. This computing time included the punching out of the concentrations 
and weight fractions of polymers. 


N (Mw); g mole /liter (Mi); g mole /liter 
0.09174 1.53833 
0.00842 2.44167 
0.00077 3.02187 
0.00007 3.36393 


= 
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As before, the weight fraction can be written 


WEIGHT FRACTION Wr percent 


40 50 
CHAIN LENGTH 


Fic. 74.—Continuous random scission process. Molecular weight distribution. 


The molecular weight distribution profiles are shown in Figure 74. It is seen 
that most of the product is low molecular weight polymer. 


SUMMARY FOR PART C 


Based upon the assumptions of Kuhn and from the view point of kinetics, 
the rate equations describing the random scission process were derived. These 
rate equations were solved analytically by the method of straightforward 
integration. It was found that if the number of different velocity constants 
is increased, the solution becomes more complicated. The system of rate 
equations describing the general case of random scission process was solved by 
a matrix method. This general solution can be applied to all six cases which 
Kuhn considered. Taking the chain length of the original polymer to be 100, 
and carrying out the lengthy calculations on the digital computer, the effects 
of the parameters on the molecular weight distribution profile were examined. 

In part II, the kinetic scheme proposed by Simha and Wall was used. In 
this case, the degradation was considered as a chain reaction which includes 
four steps: random initiation, depropagation, transfer, and termination. The 
rate equations were solved numerically by using a digital computer. The 
effects of parameters k1, ke, ks, k4 and (M7o)o on the concentration profile of the 
original polymer and the molecular weight distribution profile were examined. 
It was found that all species of polymers appear simultaneously as the reaction 


| 
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(My) | 
20 
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starts and the steady state approximation for radicals as Simha and Wall made 
cannot be assumed. 

In part III, degradation was considered as a reverse polymerization. It 
includes three steps: terminal initiation, depropagation and termination. The 
effects of parameters, k:, k2, k3 and (M70) on the concentration profile of the 
original polymer and the weight distribution profile were examined. Again, it 
was found that the steady state assumption cannot be made. 

Finally in part IV, the continuous process of random scission was considered. 
The analytical solution for the general case was obtained by a matrix method. 
A computation was also carried out on the digital computer. 
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DISPERSION OF CARBON BLACK IN RUBBER: 
REVISED CALCULATION PROCEDURE 


A. I. MEDALIA 


Casot CorroraTION, CAMBRIDGE, MASsACHUSETTS 


Carbon black, the most important reinforcing filler for rubber, must be 
well dispersed if it is to function effectively. The state of dispersion of the 
carbon black can be studied effectively by microscopic examination of a thin 
(2u) section of the rubber compound, using transmitted light, as described by 
Tidmus and Parkinson'. Under the microscope, agglomerates of undispersed 
carbon black are visible. These agglomerates, which may range in size up 
to 100u or even larger, are sectioned more or less cleanly by the glass knife, 
and appear as black or dark brown islands in a light brown field. While this 
method was originally proposed' for qualitative estimation of the degree of 
dispersion, a quantitative calculation was subsequently developed by Leigh- 
Dugmore’, by means of which the percentage of carbon black dispersed below 
a certain size was calculated. This calculation has been helpful in permitting 
a quantitative comparison of stocks of widely different visual appearance*. 

As experience has accumulated with the Leigh-Dugmore method, some 
puzzling observations have been made. Frequently, the modulus level of a 
stock of a given dispersion was found to be higher than the proportionate 
modulus of a stock of 100% dispersion. Furthermore, stocks have occasionally 
been prepared with a measured dispersion rating of less than zero (see below). 
It thus seemed worthwhile to re-examine the Leigh-Dugmore calculation’. 

The basis of this calculation is that the percentage of agglomerates by area, 
measured microscopically in the section, is equal to the percentage of agglomer- 
ates by volume in the stock, after correcting for the swelling of the section by 
the solvent (xylene or naphtha) used for spreading the section on the slide. 
This assumption is legitimate provided the sections are much thinner than the 
size of the agglomerates; and for this reason, in the sections of about 2y thick- 
ness, agglomerates are measured only if larger than 6.54 in diameter. The 
next step in the original calculation? is to divide this volume percentage of 
agglomerates by the total volume percentage of carbon black in the stock; 
this ratio, or quotient, is taken as the fraction of undispersed carbon black. 
The volume percentage of carbon black is, of course, calculated from its 
weight loading, taking a specific gravity of 1.86 for the carbon black. This 
specific gravity, which was determined originally by helium displacement®, is 
legitimate for well-dispersed black since each black particle is completely 
surrounded by rubber. However, the calculation assumes tacitly that the 
agglomerates, as well as the individual particles, are composed of solid carbon 
of specific gravity 1.86, since it is only on this assumption that the volume 
ratio of agglomerates to total carbon black can be set equal to the fraction of 
undispersed black. It is this tacit assumption which does not seem tenable, 
as discussed below. 

Evidently what we have to ascertain is the volume of carbon black present 
in the agglomerates. This, rather than the total volume of the agglomerates, 
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is what must be divided by the total volume of carbon black in order to arrive 
at the fraction of black which is undispersed. Let v = average volume fraction 
of black in the agglomerates. Then the volume of black in the agglomerates 
is equal to v times the volume of the agglomerates. The calculation can now 
be redeveloped as follows: 

Assume that the agglomerates do not swell, but that the entire section has 
a (measured) areal swelling factor of s. Then the 10,000 squares which are 
counted represent 10,000/s squares of the original material. Thus the area 
fraction of agglomerates in the original material is U/10,000/s = Us/10,000, 
where U is the total number of squares covered by agglomerates. This area 
fraction is equal to the volume fraction of agglomerates, as discussed above. 
Thus in 10,000 ce of original material we have Us ce of agglomerates, containing 
vUs cc of carbon black. Now, if L is the per cent by volume of carbon black in 
the whole unswollen stock, the total volume of black in 10,000 ce of original 
material is 100L. Thus the per cent of black which is undispersed is 
100vUs/100L = vUs/L, and the per cent which is dispersed (the dispersion 
rating) is 100 — vUs/L. 

A further complication arises if the agglomerates swell. Assume an areal 
swelling factor of A for the agglomerates. Then the areal fraction of agglomer- 
ates in the originai stock would be (U/A)/10,000/s = Us/10,000A. Take vas 
the volume fraction of black in the unswollen agglomerates. Then the disper- 
sion ration is 100 -- »l’s/AL; this reduces to the above expression if A = 1. 

To see what this means in practice, we have to arrive at reasonable values 
forv and A. We can arrive at estimates of v in several ways. 


(1) Assume that the agglomerates are fragments of dry pellets at the original bulk 
density of the black. If the pellets are considered as equal spheres in dense 
random packing, then they would occupy 63% of the total volume‘; i.e., the 
density of each pellet is 1/0.63 times the bulk density. So at a typical bulk 
density of 22 lbs/cu ft, the density of each pellet would be (22) (0.0160) /0.63 
= 0.56 g/cc. Now in 0.56 g of carbon, the true volume of carbon is 0.56/1.86 
= 0.30 cc. Thus = 0.30. 

Assume that the a are dry black which has been compressed to very 
igh pressures in the nip of the mill or Banbury, and has then recovered. The 
volume fraction of carbon in specimens of carbon black under compression at 
7500 psi is from 0.40 to 0.67, depending on the type of black, while after recovery 
from a pressure of 7500 psi v is in the range 0.33 to 0.637%. The values of v for 
the reinforcing blacks are at the lower end of this range, typically 0.40—-0.45. 
(It is interesting to compare these values with the value of v = 0.63 for dense 
random packing of spheres of equal size.) The slightly higher values found 
4 — Ne may be due to the distribution of particle sizes or to crushing of 
the black’. 
Assume that the agglomerates contain oil and low molecular weight rubber and 
that the black is at the same loading as in a ball at the endpoint of an oil absorp- 
tion test. The range of oil absorption values for most reinforcing blacks is 
0.70 to 1.40 cc/g or (0.70) (1.86) to (1.40) (1.86) ce of oil per ce of black (true 
so that v = 1/[1 + (0.70) (1.86)] to 1/[1 + (1.40) (1.86)] = 0.43 to 


(4) Assume that the agglomerates represent rubber with high loadings of black. 
At 100 phr, 200 phr, and 300 phr loadings, v = 0.33, 0.50, and 0.60, respectively 
(for hydrocarbon rubber of density 0.93). 


From all these estimates we can take an arbitrary value of v = 0.40. and 
use this in calculating dispersion ratings. It must be recognized, however, 
that this value is not known with any accuracy and may be different in different 
stocks. 
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It is worth remarking that the agglomerates appear to have an average 
density greater than that of the matrix on the basis of x-ray pictures’. This 
suggests that they are filled with rubber, processing oil, or other components 
rather than with air. Specific gravity determinations on a large number of 
stocks of varying degrees of dispersion also support the view that the agglomer- 
ates are seldom, if ever, ‘dry’’ in the sense of being composed of carbon black 
and air as in the original pellet. 

The swelling factor, A, of the agglomerates is somewhat uncertain. If 
the agglomerates are “dry,” or if they contain only low molecular weight 
constituents such as oil, they should not swell in xylene or naphtha. If they 
contain rubber, they may swell. The experimental data given below indicate 
that the swelling factor of the agglomerates may often be equal to that of the 
entire stock (i.e., A = s); although with agglomerates of very high loading 
of black, the swelling factor may be somewhat less. In order to illustrate the 
relationship between old and new dispersion ratings, calculations are given 
below with an arbitrary value of A = 1.6. Our microscopic observations 
indicate that in stocks which have been prepared by normal dry mixing, the 
agglomerates probably do not swell (i.e., A = 1); while in stocks which have 
been prepared by letting down of a masterbatch (so-called “high viscosity 
mix’’), the agglomerates contain rubber and probably do swell. Butyl rubber 
stocks frequently also contain agglomerates with smooth outlines which 
appear to swell. Leigh-Dugmore*® recommends that such agglomerates not 
be counted; but in our experience it is not always possible to decide which 
agglomerates to count on this basis, and so we count all agglomerates which 
appear opaque. 

Based on the above concepts, we can calculate new dispersion ratings (D,) 
which are related to the old ratings (Do) as follows: 


Dy 


— = (100 — Do) 


With v = 0.40 and A = 1, 

D, = 100 — 0.40(100 — Do) = 60 + 0.40 Dy 
With v = 0.40 and A = 1.6, 

D, = 100 — 0.25(100 — Do) = 75 + 0.25 Do 


Table I gives the values of D, for selected values of Do. It is apparent 
that values of Do which have been considered indicative of rather poor dis- 
persion (80-90%) correspond on the new basis to much better dispersion. 
Unfortunately, we have no way at present of determining the values of v and A 
for a given stock ; consequently, we cannot be certain what to take as the correct 
value of D,. We are looking into methods of achieving this, as part of a 
general study of the effect of dispersion on rubber properties. For the present 
we recommend retaining the old dispersion ratings, but regarding them as 
arbitrary indexes of dispersion rather than as actual values of the per cent of 
dispersed carbon black. This should be of help in interpreting the properties 
of stocks of poor dispersion. 
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DISPERSION OF CARBON BLACK 


TABLE 
CoMPARISON OF NEW AND OLD Dispersion RatINGs 
Dx (%) 
Do (%) » =0.40,A =1 » =0.40,A = 1.6 
100 100 
98 99 
98.5 
97.5 


97 
96 


ao 


EXPERIMENTAL 


An experimental test of the revised calculation is difficult to achieve with 
stocks prepared by conventional mixing techniques, since there is no in- 
dependent, absolute way of measuring the dispersion. In order to prepare 
stocks of known dispersion rating, the following procedure was adopted. 4 
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Microspheres of 30-50u diameter were prepared from carbon black with a 
binder of 85/15 styrene/butadiene resin at a loading of 80 phr of black. A 
photomicrograph of these microspheres is shown (Figure 1). These were 
mixed on the mill with SBR-1000, taking 300 phr of microspheres; thus the 
total loading of carbon black was 50 parts of black per 100 parts of total polymer 
(rubber + resin). This stock was cured and sectioned (Figure 2). Evidently 
the microspheres may be regarded as preformed agglomerates. The majority 
of the “agglomerates”, or sectioned microspheres, appear quite opaque, but 
for the present purpose all agglomerates were counted, regardless of their 
transparency. The measured values of U, L, and s were 7027, 20.7%, and 
1.34, respectively. The background is colorless, indicating zero dispersion of 
the black in the matrix. 


Fics. 2. 


From the measured specific gravity of this stock (1.23) it was calculated 
that the specific gravity of the microspheres is 1.37, whence the volume fraction 
of black in the microspheres (i.e., true volume of black in the microspheres 
divided by total volume of microspheres) is v = 0.33. The dispersion rating 
based on the old calculation, assuming 50 phr of black (Z = 20.7%) was 
—355%. On the new basis, with v = 0.33 and A = 1, D, = — 50%; while 
with v = 0.33 and A = 8s = 1.34, D, = — 12%. The latter value is quite 
close to the true value (0%). 

The microspheres (26 parts) were also incorporated in a matrix of SBR-1000 
with 46 phr of Vulcan 3 (well-dispersed). The overall composition thus 
corresponded to a stock with 48 parts of black per 100 parts of total polymer 
(rubber + resin), in which 80% of the black was well-dispersed and 20% was 
present in the preformed agglomerates (microspheres). A section of this 
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stock is shown in Figure 3. The measured values of U, L, and s were 992, 
18.2%, and 2.6, respectively. The dispersion rating on the old basis is—60% ; 
on the new basis, with v = 0.33 and A = 1, it is 53%; and with v = 0.33 and 
A =s8 = 2.6, it is 78%. This is in excellent agreement with the true value 
(80%) and, like the previous results, suggests that agglomerates of this type 
swell to the same extent as the stock (A = s). 

It is recognized that the stocks containing microspheres are a somewhat 
artificial representation of ordinary stocks. An example of an ordinary stock 
of very poor dispersion is shown in Figure 4, a photomicrograph of a section 
of a Neoprene WRT stock compounded with 60 phr of Spheron 9. In the 
preparation of this stock, an excess of carbon black was inadvertently added 
to the original Banbury charge, and the masterbatch thus formed was then 
let down. Evidently the highly loaded masterbatch failed to disperse 
adequately on let down. The dispersion rating determined by actual count, 
with the old method of calculation, is —364%. The new dispersion rating 
calculated for v = 0.40, A = 1, is D, = — 85%. The actual swelling factor 
for this specimen was s = 1.53; with v = 0.40 and A = 1.53, we find 
D, = — 21%. This is a very reasonable value in view of the uncertainty in 
the value of v. Actually in this section the matrix was slightly brown, so 
that the true dispersion rating is probably of the order of 10 to 20%. 

In stocks of extremely poor dispersion (old dispersion rating less than zero) 
prepared by ordinary dry mixing for a very short time, without let down as in 
the above stock, the carbon black appears smeared out and is difficult to 
count. Of course, such stocks are readily recognized as being of inadequate 
dispersion, so that the exact count would. not have any practical value. 
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INTRODUCTION 


Carbon blacks are composed of spherical particles which are to varying 
degrees arranged in chainlike structures. This type of particle association, 
which is readily seen in electron photomicrographs of most carbon blacks, 
ean be termed “primary structure’. The use of the term “structure” to 
describe interparticle association must not be confused with the basic intra- 
particle structure of an atomic crystallographic nature. There is strong 
evidence that primary structure units, and possibly individual particles, can 
further associate or flocculate in fluid or elastomeric systems. This is a 
secondary type of structure formation which can be readily disrupted under 
the influence of mechanical strain. 

Some investigators have used the term “structure” to describe this strain- 
sensitive flocculation behavior. It is suggested here that carbon blacks 
possess both primary structure features and the ability to form secondary 
structures by flocculation in dispersed systems. The tendency to form 
secondary structures is probably greater with carbon blacks possessing a high 
degree of primary structure. Unless otherwise specified, the term “structure” 
in this paper will be used in the sense of primary structure. 

The structure of carbon blacks is thought to originate in the flame by the 
agglomeration of growing carbon nuclei and particles. The appearance of 
electron micrographs of carbon blacks lends some support to the assumption 
of simultaneous agglomeration and growth processes. Carbon blacks having 
a broad particle size distribution are characterized by carbon black chains, 
where each chain is composed of particles of the same size, rather than a 
randomized distribution of various sized carbon black particles. Thus, these 
chainlike structures must result from the continued growth of agglomerates 
formed from neighboring carbon particles at the same stage of their growth 
history. This process results in a chemical fusing of these particles as layers 
of new carbon are deposited on the surfaces of actively growing agglomerates. 

Thus, carbon structure is born in the flame in reaction times which must 
be of the order of microseconds. The strength of these structured units must 
be related to the size of their individual particles; the larger the particle size of 
a unit, the greater has been its residence time in the reaction zone, and, 
consequently, the greater will have been the opportunity for particle fusion 
and strong structure development. In contrast, the very fine particles formed 
at the last moment before quenching the carbon-forming reactions will be less 
strongly bonded, and some of this fine material may only be mechanically 
agglomerated. 


* Reprinted from Rubber and Plastics Age 41, 1520, (1960). 
1141 


a 
fe 


1142 RUBBER CHEMISTRY AND TECHNOLOGY 


Highly developed structure is characteristic of carbon blacks made by the 
thermal cracking of acetylene, and by the oil furnace process using aromatic 
raw materials. The channel black process produces lower structure blacks 
regardless of the degree of aromaticity of the gaseous fuel. The gas furnace 
and thermal black processes based on natural gas also produce carbon blacks 
of relatively low degrees of structure. As a practical matter carbon black 
structure has been one of the most difficult properties to change in a production 
plant, being almost completely predetermined by the process, and, to a lesser 
extent, the type of fuel employed. Since structure has a profound effect on 
the major use of carbon black as a reinforcing agent for rubber, it has always 
been one of the objectives of the carbon black industry to find some method 
for effecting controlled variations of this basic property. 

One way to achieve this objective is by mechanical attrition in ball mills', 
a technique which results in the rupture of the permanent chainlike structures 
and is reflected in such properties as lower oil absorption, lower modulus in 
rubber, and lower viscosity and higher extrusion die swell of unvulcanized 
rubber stocks. Structure breakdown by mechanical attrition processes is 
accompanied by other changes such as surface oxidation, increased surface 
porosity, some particle fracture, and secondary mechanical compaction. 
Whereas mechanical attrition can give products which are useful for specific 
applications such as butyl rubber reinforcement, it does not provide a com- 
pletely satisfactory method for the independent control of carbon black 
structure. 


TaBLe 


STRUCTURE VARIATIONS FOR A RANGE OF DIFFERENT 
ParRTICLE Size CarBon BLacks 


Surface area Average 
(m?*/gram particle size Oil 
from I: (Da) absorption 
adsorbed) (cc/gram) 


35-46 .52-1.41 
60-70 ‘ -59-1.67 
98-108 ‘ .63-2.26 
102-112 -72-1.38 


It has recently been discovered that the structure of carbon blacks can be 
varied over a very broad range by modifications of the actual carbon-forming 
reactions. This important new development in carbon black production 
technology makes possible the production of a broader and more varied range 
of carbon black types. At the present time, only a few of the possible types 
have been introduced as commercial grades. Table I lists the structure 
variations which have already been made at four different particle size levels. 
The structure changes are indicated by the ranges of oil absorption values. 
The last column lists the 300 per cent modulus values for a 50 phr loading in 
SBR-1000, showing that more than three-fold variations in this property have 
been obtained in the “HAF” and “ISAF”’ series. 

The ability to change carbon black structure and hold other variables 
essentially constant is also of great interest in the field of rubber technology. 
Carbon black structure effects on rubber properties can now be more clearly 
determined. The present study describes the methods employed to character- 
ize the structure of carbon blacks and the effects of carbon black structure on 
a few rubber properties. 


= 

structure modulus 
designation in SBR-1000 

for series (50 phr) 

FEF 860-2070 

HAF 720-2610 

ISAF 780-2650 

SAF 740-1990 


CARBON BLACK STRUCTURE EFFECTS 


ESTIMATION OF DEGREE OF CARBON BLACK STRUCTURE 


Electron microscope observations.—Gross differences in carbon black structure 
can easily be observed under the electron microscope. High structure blacks 
appear as branched chainlike aggregates containing large numbers of individual 
particles. Within an individual structured unit the particles all seem to be 
about the same size, which lends support to the idea that these particles were 
formed, agglomerated, and continued to grow at the same time. The same 
structured units which are observable in the original black are also found to 
a large degree after milling in rubber. This demonstrates the high mechanical 
strength of these fused aggregates. Lower structure blacks, like SRF, FF, 
and channel, are also aggregated to a noticeable degree, but the chainlike 
units appear to be rather smaller and there is generally a noticeable amount 
of individual particles, doublets, triplets, etc., in their electron micrographs 
not seen at all with the high structure blacks. 


Fic. 1. Comparison of high (left) and low (right) structure ISAF blacks. 


This is demonstrated in Figure 1 which shows the electron micrographs of 
two different carbon blacks in the ISAF particle size range. The section on 
the left is ‘Vulcan’ 6, a high structure ISAF black, and the section on the right 
represents an extreme low structure variation. The difference in appearance 
of the two extreme variations of carbon black structure is striking. However, 
small differences in structure cannot be established with any degree of certainty 
from electron microscope observations. Only an experienced observer can 
venture an opinion in such a case after observing many fields. Another 
difficulty with trying to evaluate structure from electron microscope observation 
is that it has so far not been possible to place the degree of structure observed 
on a quantitative basis. 

Oil absorption as a structure measurement.—A more quantitative technique 
of evaluating the structure of carbon blacks is by means of the so-called 
“oil absorption” test?. In liquid media structure gives rise to the same effects 
as anisometric particle shape. Thus high structure blacks are very effective 
thickening agents. An oil absorption test is a measure of this thickening 
ability at an oil-pigment ratio where the mixture just changes from a non- 
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coherent solid state to a coherent heavy stiff mass. Oil absorption may be 
defined as ‘‘the minimum volume of oil per gram of powder which will give, 
under conditions of controlled mixing, a mix having no voids’. The amount 
of oil required to fill the voids of a closely-packed powder depends on the 
degree of packing. Perfect spheres can be easily closely packed, whereas 
rod-shaped particles and branched chained aggregates give rise to more voids. 

High structure blacks are fluffy by nature, resist compression and packing 
so that the void volume is high, resulting in high oil absorption values. This 
method for the indirect estimation of structure is not satisfactory from the 
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standpoint of general reproducibility. A single operator after adequate 
training can perform the test with satisfactory reproducibility, but the results 
of different operators can be considerably divergent. The amount of energy 
an operator applies in mixing the oil and black and the amount of time it takes 
him to reach the end point have an influence on the final oil absorption value. 
Despite these difficulties, oil absorption tests are very useful for the estimation 
of the relative structure properties of carbon blacks. The carbon black 
properties shown in Table I include oil absorption values in the range of 0.52 
to 2.26 cc/gram of linseed oil. A lower value of 0.33 cce/gram is obtained 
with medium thermal blacks and a very high value of 3.5 ec/gram is obtained 
with Shawinigan acetylene black. 

Compressibility of blacks as an indication of structure.—If the oil absorptiou 
behavior of a powder is simply an indirect measurement of its packing tendency, 
why not measure directly the compressibility of the dry powder as a function 


| 
i 
ad 
| | 


CARBON BLACK STRUCTURE EFFECTS 1145 


of the applied pressure? Dry compression of carbon blacks has been described* 
as a method for estimating carbon black structure. The packing density 
under pressure of carbon blacks is definitely related to oil absorption, and 
offers an alternative method for estimating relative degrees of carbon black 
structure. Both compressibility data and oil absorption data can be expressed 
as the ratio of volume of voids to volume of carbon black. 

A semilogarithmic plot of void ratio as a function of pressure for a group of 
varying structure ISAF particle size carbon blacks is shown in Figure 2. The 
points determined at the higher pressures give a fairly good straight-line 
relationship whose slope and intercept can be used to characterize the com- 
pressibility behavior of each sample. In general, the greater the value of the 
intercept, the steeper is the slope of the line. This makes it practical to use 
the void ratio at an arbitrary pressure for a relative estimation of carbon black 
structure. It has been found that at a pressure of 300 psi on the actual 
sample void ratio values are obtained which agree over a wide structure range 
with the void ratios determined from linseed oil absorption measurements. 
This is shown in Figure 3 for a range of different particle size and varying 


COMPARISON OF VOID RATIOS FROM 
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structure carbon blacks. The dotted line begins at the void ratio corresponding 
to closely-packed, uniform spheres and represents perfect correlation between 
the two methods. For the highest structure sample there is poor agreement 
in absolute void ratio values determined by the two methods. This may be 
due to actual mechanical breakdown of some structure under the influence of 
mechanical pressure resulting in closer packing and lower values for the 
compression void ratio than for the oil absorption void ratio. 

The dry packing tendency of carbon blacks has an important effect on 
their dispersion behavior. In all rubber mixing processes carbon black is 
subjected to a compressive action prior to incorporation. This compression 
of dry black produces agglomerates, which must be dispersed in the rubber by 
the shearing forces of milling. Low structure blacks pack readily to strong 
agglomerates and are more difficult to disperse in rubber. This problem will 
be described in greater detail later in the paper. 
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EFFECT OF CARBON BLACK STRUCTURE ON THE PROPERTIES 
OF UNVULCANIZED MIXTURES 


Mooney viscosity—The plasticity of a rubber compound depends strongly 
on the type and quantity of filler in the mixture. Decreasing particle size 
and increasing structure have been shown to increase compound Mooney 
viscosity*. The effect of particle structure has in the past been difficult to 
separate from the effect of particle size. With the presently available samples 
having essentially constant particle size and wide variations in structure 
properties, it is possible to establish more clearly the structure effect on 
plasticity. 

In all the elastomeric systems investigated increasing structure at all 
particle size levels gave increasing Mooney viscosities. As would be antici- 
pated, these effects were more pronounced at higher carbon black concentra- 
tions. It is desirable to express this stiffening effect of fillers in a simple 
quantitative manner. A treatment of the Mooney viscosity data similar to 
one used for plastic viscosity data of high concentrations of pigments in fluid 
systems was found to give the desired quantitative expressions. Voet and 
Suriani® found experimentally that for a variety of pigments in different 
vehicles a semilogarithmic plot of relative plastic viscosity against the ratio 
of pigment-to-vehicle volume gave a straight line over the entire concentration 
range studied. The equation for this relationship is 


log Ve = Ko 


where Vz is the relative plastic viscosity and @ is the volume. It was also 


recognized that for infinitely dilute solutions this equation is similar to the 
familiar Einstein viscosity equation 


n = no (1 + ke) 


where the viscosity, 7, is expressed as a linear function of c, the pigment volume 
concentration. The initial viscosity of the vehicle is mo and k is a constant 
with a value of 2.5 for rigid, noninteracting spherical particles. Thus, the 
experimental constant K and the Einstein constant k are the same at infinitely 
dilute solution. The degree of departure of K from the theoretical value of 
2.5 found for spheres reflects the combined effects of particle-matrix interaction, 
particle-particle interaction or flocculation, and anisometric particle shape. 

Figure 4 shows a plot of the relative Mooney viscosities, M,, as a function 
of the volume ratios of carbon black to rubber. Mooney data were obtained 
for a structure series of blacks in the ISAF particle size range in natural rubber 
and cis-1,4-polybutadiene. The initial Mooney viscosity values, Mo, of the 
unfilled elastomer were estimated by extrapolation of the Mooney data to 
zero concentration using a semilogarithmic plot of Mooney viscosity versus 
volume ratio of pigment to elastomer. It was felt that this procedure gave a 
better estimate of My than simply using the Mooney viscosity value of the 
raw polymer since the raw polymer is appreciably degraded and softened 
during the mixing process. 

Linear relationships were obtained with K values increasing with increasing 
structure in both elastomers. For Regal 600, Vulcan 6 (ISAF), and the 
superstructure black M-432, the K values in both rubbers are comparable, 
in the range of 3.6 to 6.4. The low structure black M-265 shows a definite 
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difference, however, having a low K value of 1.9 in cis-1,4-polybutadiene 
compared with 3.5 in natural rubber. The fact that M-265 gave a very poor 
dispersion in the synthetic elastomer may account for this apparent difference 
in behavior. The K values obtained in these two elastomers are comparable 
with those found by Voet and Suriani for carbon blacks in different fluid 
vehicles. 
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If other factors influencing the value of K are neglected and only anisometric 
particle shape is assumed to be the major determining property, Kuhn's 
expression®, relating the constant k to the axis ratio for greatly elongated 
needle-shaped ellipsoids, gives a crude estimate of the actual agglomerate 
dimensions. Using the experimental values of K in Kuhn’s equation 


K=25+ 


one obtains f values in the range of 4 to 8. 

Mooney viscosity data for the structure series of ISAF black in all polymers 
have given indications that increasing structure gives more thixotropic 
behavior. Mooney viscosity values are usually taken at 4 minutes after 
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starting the rotor turning, a time when the readings have reached a more or 
less constant value. The initial readings at 15 seconds after starting are 
higher than the four-minute values, due in part to the sample not having 
quite reached the 212° F temperature of the platens, and also to some thixo- 
tropic breakdown produced by the shearing action of the rotor. It was 
observed that the difference between the initial and final Mooney readings 
was always greater for the high structure black compounds and was in the 
expected order for the structure variations studied. Low structure in carbon 
blacks may, therefore, be desirable in minimizing the stiffening of uncured 
stocks during storage. With cured styrene-butadiene rubber tread compounds 
our road tests have shown an analogous effect: one observes a smaller increase 
in tread hardness values during the period of the road test for the low structure 
carbon black tread compounds. 
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Bound rubber or carbon gel formation is also influenced by carbon black 
structure. Increasing structure causes an increase in bound rubber. Since 
it has been shown by Watson’ that bound rubber is a result of a free radical 
reaction between the carbon surface and polymer radicals produced by 
mechanical rupture during milling, the structure effect on bound rubber must 
be associated either with a more active carbon surface or the enhanced pro- 
duction of free polymer radicals. The increase in the bulk viscosity of the 
compounds resulting from increasing carbon black structure results in an 
increase of shearing action and energy requirements during mixing. This 
generates a higher free polymer radical concentration and a consequent increase 
in the amount of bound rubber. The relationship of Mooney viscosity to 
bound rubber is shown in Figure 5, indicating that the bulk viscosity effect is 
mainly responsible for the increase in bound rubber observed with the high 
structure carbon blacks. 

Effect of structure on extrusion die swell.—Filler structure counteracts to 
some extent the high elasticity of the rubber matrix by increasing viscosity 
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and retarding the free molecular retraction of the deformed system. It also 
superimposes on the elastic network semirigid carbon black networks formed 
by flocculation, an effect more pronounced with high structure blacks. As 
a result of this reduction in elasticity, the uncured stocks show less ‘“‘nerve’’, 
have lower die swell during extrusion, and improved surface smoothness. 
Die swell tests can also be used to estimate the extent of carbon black structure’. 
This test involves the extrusion of a unit length of stock through a circular die 
under constant conditions. This length, usually one meter, is weighed and, 
from the specific gravity of the compound and the diameter of the die opening, 
the die swell is calculated as the percentage increase in cross-sectional area of 
the extrudate over the area of the die opening. 


DIE SWELL CORRELATION 
WITH COMPRESSION VOID RATIO 


(50 PHR IN SBR-1000) 
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The property of die swell is sensitive to changes in carbon black structure. 
Using compression void ratios as a structure index for carbon black a good 
correlation is obtained with die swell measurements. This is shown in Figure 6 
for a wide variety of carbon blacks in SBR-1000 (hot styrene-butadiene 
copolymer rubber). This figure includes the complete range of rubber-grade 
carbon blacks. 

The effect of carbon black loading on die swell is shown in Figure 7 for 
SBR-1500 (cold styrene-butadiene copolymer rubber) and four ISAF blacks: 
experimental superstructure M-432, standard high structure ISAF Vulcan 6, 
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normal structure Regal 600, and an extremely low structure experimental 
sample, M-265. For comparison, the curve for medium processing channel 
black is included to show that Regal 600 has about the same degree of structure 
as this channel black of similar particle size. 

Low die swell is accompanied by smooth surface appearance, although 
different blacks used at loadings to give the same per cent die swell will not 
necessarily have equally smooth surfaces. The higher structure black at the 
same die swell will give a smoother surface at a lower loading. Differences in 
die swell are small at low carbon black loadings, where the basic elastic 
character of the elastomer dominates, and are considerable at higher loadings 
where the properties of the filler overwhelm the elastic matrix. Filler loadings 
can be increased with all blacks to a point where per cent die swell is near zero. 
Such a point has been reached with sample M-432 at the highest black concen- 
tration shown in Figure 7. 


DIE SWELL PROPERTIES OF THE 
STRUCTURE SERIES OF ISAF 
BLACKS IN SBR-1500 
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The order of the carbon blacks in Figure 7 is, of course, in the order of 
their structure characteristics. This order has been maintained in every 
elastomer studied including oil-extended SBR, natural rubber, cis-polyisoprene, 
cis-polybutadiene, and ethylene-propylene copolymer rubber. 

The effect of carbon black structure is more pronounced in a highly elastic 
rubber such as cis-1,4-polybutadiene. This elastomer could not be extruded 
in our laboratory extruder under normal hot conditions but required cold 
water circulation in the jacket. Figure 8 shows the results of these cold 
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extrusions. The effect of high carbon black structure is evidenced from the 
large decrease in die swell obtained with superstructure experimental sample 
M-432 at the lowest carbon black concentration. This indicates that high 
structure carbon blacks are to be preferred in this elastomer to help processing. 
The use of higher-than-normal loadings of carbon black in cis-1,4-polybutadiene 
has been recommended for improved processing. Normal loadings of super- 
structure blacks may be equally effective from this standpoint and have the 


DIE SWELL PROPERTIES OF 
THE STRUCTURE SERIES OF ISAF 
BLACKS IN cis I-4 POLYBUTADIENE 


VOLUME FRACTION OF CARBON BLACK 
Fie. 8. 


added advantage of better hysteresis, resilience, and heat buildup properties 
resulting from the lower black content. 

Presently available elastomers differ markedly in their extrusion behavior. 
This can be shown by comparing their extrusion die swell behavior with a 
single type of carbon black used over a range of loadings. Figure 9 shows the 
data obtained in the present study with an ISAF black. At 0.15 volume 
fraction of carbon black the highest die swell is observed with the newer 
elastomers, cis-1,4-polybutadiene and ethylene-propylene copolymer rubber 
(Hercules Powder Co.’s EPR). Butyl 218, SBR-1500 (cold), and SBR-1710 
(oil-extended) give lower die swell, followed by natural rubber and the lowest 
die swell elastomer, cis-polyisoprene. At 0.19 volume fraction (roughly 50 phr), 
the same pattern exists, except for the natural rubber joining the group of SB 
rubbers and Butyl 218. At 0.25 volume fraction the absolute differences 
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among the various elastomers have been substantially reduced and all fall in 
the range of 36-60 per cent die swell. 

At the highest volume fraction studied the differences among the elastomers 
suggest that they may be in the order of their elastic properties. Natural 
rubber, cis-polyisoprene, and cis-polybutadiene, being the most elastic, retain 
the highest die swell; SBR-1500, SBR-1710, and ethylene-propylene rubber 
are intermediate in elasticity and die swell; Butyl 218, having the lowest 
elasticity, shows the lowest die swell of only five per cent. The die swell 


DIE SWELL BEHAVIOR OF 
VARIOUS ELASTOMERS WITH 
VULCAN 6 (ISAF ) 
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behavior of natural rubber and cis-polyisoprene is affected to a lesser degree 
by carbon black loading than the other synthetic elastomers. These rubbers 
also give relatively smooth processing properties at low carbon black loadings. 


EFFECT OF “STRUCTURE” ON VULCANIZATE PROPERTIES 


The stiffening effect of carbon black structure on the uncured rubber 
mixtures mentioned above is even more pronounced in the vulcanized state. 
Using a group of carbon blacks having a broad range of particle size, a definite 
correlation can be demonstrated between 300 per cent modulus and degree of 
structure as indicated from compression void ratio values. Figure 10 shows 
this correlation for SBR-1000. It is remarkable that for a particle size series, 
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RELATIONSHIP OF COMPRESSION VOID RATIO 
AND 300% MODULUS FOR 50 PHR OF 
VARIOUS CARBON BLACKS IN SBR-I000 
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such as the ISAF group, a 300 per cent modulus range of 860 to 2650 psi was 
found. These data give added confirmation to the relatively small influence 
of particle size on initial elongation modulus. 


Taste II 


Errect or SrrucrureE ON PRopPERTIES* 
50 or ISAF Particie Size Buacks SBR-1710 


Structural level Super High Normal Low 
Sample M-432 Vulcan6 Regal 600 M-265 
Void ratio at 300 psi 3.19 2.13 1.74 1.10 
Tensile strength (psi) 3470 = 4120 4160 3500 
300% modulus (psi) 2302 2000 1270 320 
% elongation 420 490 590 740 
Hardness (Shore A2) 60 58 55 50 
Angle abrasion (volume index) ** 132 122 131 279 
De Mattia cut growth (kilocycles to 1 in) 10 15 25 35 
* ipe: 
SBR-1710 137.5 
Carbon black 
Stearic acid 1.5 
ZnO 3 
Flexamine 1 
Santocure 1.2 
Sulphur 2 


60’ cure at 292°F 
** ce loss per 10° rev’s. 
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The variations in stress-strain behavior and other rubber properties of 
vulcanizates due to carbon black structure changes are illustrated in Table II. 
This table compares the data obtained at a 50-part loading of varying structure 
ISAF blacks in oil-extended SBR-1710. Comparing the extremes, the 300 
per cent values span an almost eight-fold range; elongation values somewhat 
less than a two-fold range; and a 10-point difference in hardness values is 
found. DeMattia cut-growth values improve as the vulcanizates become 
softer with the lower structure blacks. Abrasion index increases sharply with 
the lowest structure black, M-265, indicating a loss in reinforcing properties. 
This loss in abrasion resistance has been confirmed in actual road testing and 
points out the possible disadvantage of an excessive reduction of carbon 
structure for purposes of softer and quieter passenger tire treads. 

The ISAF series of structure blacks has been tested in a wide variety of 
elastomers. From the data obtained a comparison of the elastomers was 
assembled and is shown in Table III. All the elastomers shown contain 50 


TaBLe IIT 
VULCANIZATE PRoperTIES OF VARIOUS Extastomers 50 Parts or ISAF (VuLcAN 6) 


Shell Phillips Hercules 
cis-1,4- cis-1,4- EPR 
Natural poly- poly- ethylene- SBR- SBR- 
rubber isoprene butadiene propylene 1000 
Tensile strength (psi) 4530 4020 2630 3350 
300% modulus (psi) 2350 1610 
% elongation 500 470 
Shore A2 hardness 55 
R.T. 147 
60 


152 
(volume index) 


* 50 parts per hundred of oil extended rubber (phor). 


parts of an ISAF black, Vulcan 6. The lowest tensile strength and modulus 
values are obtained with cis-1,4-polybutadiene. Butyl 218 and ethylene- 
propylene rubber give intermediate tensile strength values. The ethylene- 
propylene rubber also has low modulus and hardness properties. The highest 
tear strength is obtained with natural rubber, and the lowest with ethylene- 
propylene rubber. cis-1,4-Polybutadiene gave the highest rebound, followed 
closely by natural rubber and cis-polyisoprene. Ethylene-propylene gave a 
rebound value higher than the styrene-butadiene rubbers but somewhat lower 
than natural rubber and cis-polyisoprene. Butyl 218 gave the lowest rebound 
result. 

The laboratory abrasion data obtained using an Akron Angle Abrasion 
Machine are not too reliable in predicting service performance, particularly 
when comparing different elastomers. The relatively poor abrasion resistance 
of the Butyl 218 and the remarkably good values found for cis-1,4-polybutadiene 
may be significant. The cis-1,4-polybutadiene gave practically no abrasion 
loss due to its low coefficient of friction and the consequent inherent slipperiness 
of its vulcanizates. The opposite effect is observed with butyl rubber where 
its nonslippery, high coefficient of friction behavior results in high abrasion 
loss. It must be mentioned here that blending of cis-1,4-polybutadiene with 
natural rubber is believed to improve its road-holding qualities. 


SBR- Butyl 
1710" 218 
3800 3130 
1800 2130 
520 410 
59 61 
200 = 
54 
rebound R.7 
| 


CARBON BLACK STRUCTURE EFFECTS 1155 


IV 
RANGE oF Properties ISAF Srructrure SERIES IN Various ELASTOMERS 
Vulcan 6 (ISAF) Control 


M-432 Regal 600 M-265 


300% modulus ratio 1.15-1.30 0.63-0.88 0.23-0.45 
Shore A2 hardness differences +2 to +5 —lto —2 —3to —4 
Breaking elongation ratios 0.8-0.9 1.1-1.2 1.3-1.5 


The relative performance of the ISAF structure series in these various 
elastomers did not seem to be greatly influenced by the nature of the elastomer. 
This is remarkable considering that saturated, low unsaturation, and high 
unsaturation elastomers were used with a variety of curative systems, including 
a peroxide cure (dicumy! peroxide) for the ethylene-propylene rubber. The 
data are presented in Table IV, which lists modulus ratios, hardness differences, 
and elongation ratios as ranges of values for all the elastomers shown in Table 
III, with the exception of cis-1,4-polybutadiene. Compared with the standard 
high structure ISAF black (Vulcan 6) at 50 phr, the superstructure black 
M-432, gave about 20 per cent higher modulus values in most of the elastomers; 
Regal 600, the normal structure black, gave about 25 per cent lower values; 
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and the lowest structure black, M-265, gave about 70 per cent lower modulus 
values. 

A few exceptions to this general pattern were found. SBR-1000 (hot) and 
SBR-1710 (oil-extended) gave somewhat lower hardness values of three units 
with the normal structure black Regal 600, and considerably lower values of 
eight to nine units with the low structure black, M-265. Cis-1,4-polybutadiene 
showed greater modulus, hardness, and elongation differences with this ISAF 


black structure series compared with the other elastomers. This may be due 
to poor black dispersion obtained in this elastomer with the normal and low 
structure blacks. 


DISPERSION OF CARBON BLACKS OF VARYING STRUCTURE 


The tendency referred to previously of excessively low structure carbon 
blacks, to form under mechanical pressure dense agglomerates which are 
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difficult to redisperse in rubber, is a definite problem in their practical use and 
in the laboratory assessment of their inherent qualities. The normal modulus 
group of new furnace blacks, which have recently become commercial products, 
do not exhibit the same degree of difficulty, but for some compounds even 
these must be specially processed during factory mixing to achieve adequate 
dispersion. 

The effect of decreasing structure on dispersion behavior and rubber 
properties for the ISAF black structure series in SBR-1710 at 50 phor is shown 
in Figure 11. The data are plotted as a function of compression void ratio 
used as an index of structure. Judging from the curves of per cent dispersion, 
abrasion loss, and tensile strength, the compression void ratio can be reduced 
from the regular ISAF value of 2.2 to 1.5 for this particular compound and 
mixing schedule before noticeable deterioration occurs attributable to poor 
dispersion. The dispersion difficulties associated with low structure ISAF 
blacks are further illustrated in Figure 12. In each group of two rubber 


TABLE V 


HigH CONCENTRATION MASTERBATCH PROCEDURE THREE-STAGE MIXING SEQUENCE 
witH SBR-1710 anp Low Srrucrure ISAF Biack M-264 (Vor Ratio 1.15) 


Stage I: High concentration masterbatch 
Stage II: 4’ Cold milling of Stage I. 
Stage III: Dilution of Stage II to 45 phor and additon of remaining ingredients 


Parts black per 100 phor in Stage I 


Properties of 45 phor vulcanizates 


Tensile strength (psi) 
300% modulus (psi) 
Shore A2 hardness 

% dispersion (Dunlop) 


sections the cut surfaces of a lower structure black vulcanizate at the top are 
compared with the control ISAF at the bottom. Vulcanizates containing 
carbon blacks having void ratios of 1.37 and lower show visibly poor dispersion. 
This dispersion difficulty places a definite limitation on the extent of structure 
decrease possible for commercial fully-reinforcing carbon black grades. 

The abrasion loss curve in Figure 11 shows an abrupt increase in the low 
void ratio region as a result of two factors: the combination of low modulus 
and low hardness properties with very poor dispersion. An increase in the 
degree of dispersion by special mixing techniques decreases the abrasion loss 
values but does not bring them back to the same level of regular ISAF. 

One of the techniques employed to achieve better dispersion of low structure 
blacks in oil-extended SBR-1710 was the use of a high concentration Banbury- 
mixed masterbatch procedure. Table V lists the results of varying the black 
concentration in the masterbatch which ultimately is diluted to correspond to 
a 45-part loading on the oil-extended rubber. The black used in these trials 
was a low modulus ISAF which had previously shown poor dispersion behavior. 
The three-stage sequence of operation is also shown in Table V. As the 
initial masterbatch becomes stiffer with increasing black content, the shearing 
action during milling becomes more effective, resulting in improved dispersion 
and tensile strength. 

Another technique which has proved capable in the laboratory of dispersing 
the most difficult experimental black samples is dispersant-type latex master- 
batching. Table VI compares the latex matserbatch procedure with dry 
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VI 


CoMPARISON OF Dry MIXING witH LATEX MASTERBATCHING OF (M-267) 
Low Srructrure ISAF Buiack (V.R. 1.08) SBR-1710 at 45 PHOoR 


Dispersant-type Dry mixing 
latex masterbatch 
Vulcanizate properties M-267 M-267 Vulcan 6 


Tensile strength (psi) 3480 1950 3970 
300% modulus (psi) 160 300 1470 
% elongation 790 660 590 
Shore A2 hardness 49 50 56 
Angle abrasion (volume index) 272 654 134 
% dispersion (Dunlop) 98 <75 99 


mixing using a difficult dispersing low structure ISAF experimental black in 
oil-extended SBR-1710 at 45 phor. This table also includes the properties of 
dry-mixed Vulcan 6 (ISAF). The increased tensile, better dispersion, and 
lower abrasion loss data for experimental sample M-267 with the latex mixing 
procedure are clearly evident. Although the improved dispersion of the 
latex-mixed M-267 vulcanizate results in a substantial decrease in abrasion 
loss, it still remains almost twice that of regular dry-mixed Vulcan 6. The 
low hardness and modulus properties of the M-267 vulcanizate are probably 
responsible for this abrasion deficiency. 


EFFECT OF CARBON BLACK STRUCTURE ON TIRE TREAD WEAR 


The relative road wear performance of high structure ISAF (Vulcan 6), 
normal structure Regal 600 and low structure experimental blacks M-263 
and M-265, at various loadings in oil-extended SBR-1710, was determined. 
M-265 has previously been used in this study as an extreme example of a low 
structure ISAF black. M-263 is intermediate in structure between M-265 
and normal structure Regal 600. Four retread tire tests were completed 
using three-part tread construction with new 7.50-14/4-ply tires which had their 
original treads removed by buffing. A total of 16 tires was involved in this 
program. Each tire included a standard reference Vulcan 6 compound. The 
tests were run at 60 mph, 24 psi inflation pressure, 1085 pounds wheel load, 
and standard X-rotation among wheel positions every 450 miles for a balanced 
rotation cycle of 1800 miles. Tread depth measurements were made after 
each rotation cycle. The tests were terminated after four rotations or 7200 
miles. The range of mileage rates obtained in this series of tests was 60-100 
miles per .001 in. depth loss indicating the tests were normal service severity. 

Table VII summarizes the relative wear performance data obtained in 
this series of road tests. The data show practically no dependence of road 


Taste VII 


RevativE TREAD Wear Ratinos IN On-ExTEeENDED SBR-1710 
(VuLcan 6 at 44 PHOoR = 100) 


Black : Vulcan 6 Regal 600 M-263 M-265 
Structure: High Normal Low Low 
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wear performance on carbon black loading. It is surprising that there is 
such a small change in wear resistance with increasing black loading, 
particularly over the loading range of 60 to 90 parts shown for the two experi- 
mental low structure blacks. Higher than normal black concentration of the 
lower structure blacks in tread compounds appears to be possible in oil-extended 
SBR-1710 without any serious sacrifice in wear resistance. 

Large decreases in degree of carbon black structure give tread compounds 
of lower wear resistance. Regal 600 is essentially the equal of its higher 
structure counterpart, Vulcan 6. Lower structure M-263 is consistently 
somewhat lower in wear rating than the Vulcan 6 control compound at all 
loadings, but the data do not show any significant difference when compared 
with Regal 600. The lowest structure black, M-265, is definitely the poorest 
in wear resistance of all of the blacks tested. The dispersion ratings of the 
M-265 tread compounds were about 90 per cent, whereas all the other treads 
in this study gave dispersions of 98 to 99 per cent. Although poorer dispersion 
may have been a contributing factor to the low wear resistance of the M-265 
compounds, it is more likely that the major factor was the extreme reduction 
in structure and the resulting changes in physical and reinforcing characteristics. 
Road wear resistance deterioration may limit the practical range of carbon 
black structure modifications. 
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DISCUSSION 
R. L. Zapp, Esso Research and Engineering: 


Q.—Are the surface characteristics of these blacks different from the normal, 
high structure blacks? 

A.—As far as we know now they are not different. 

Q.—Then is the difficulty of dispersion solely one of shear? 

A.—It may not be one solely of shear, because I am quite certain that we 
could increase either the molecular weight of the polymer to get the same 
viscosity, or increase the amount of carbon black to achieve the same viscosity 
and still experience dispersion problems. I think it is mainly due to the 
compaction of the black. The black itself when mechanically packed does 
cake to such an extent that the shearing action during milling is not sufficient 
to break up the agglomerates formed. 

Q.—If you put these blacks in a polymer—an elastomer that crystallizes 
on stretching—you might get entirely different physical property relationships 
as a function of structure than you would with an SBR. 

A.—We have looked at these blacks in a wide variety of polymers—natural 
rubber and all the SBRs, ethylene-propylene, polybutadiene, and butyl rubber, 
and the general behavior of a structure series of blacks of the same particle 
size is quite similar in all the polymers. This is rather surprising when you 
consider that the polymers are all chemically different, and that they vary 
from zero unsaturation up to relatively high unsaturation and that the curing 
systems used in these different polymers are all quite different, including for 
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instance, in the case of ethylene-propylene rubber the use of peroxide curing. 
The modulus behavior, dispersion behavior and other properties are relatively 
similar in all these polymers. 


D. Bulgin, Dunlop: 


Q.—What is the effect of black structure on electrical conduction in rubber 
and are there any differences between resistance-extension data with different 
degrees of structure? 

A.—The question of electrical characteristics of a series of blacks has been 
investigated by us. We are a little bit confused about the results. We have 
found that the electrical conductivity, instead of decreasing sharply as you 
might expect with the breakdown of carbon black structure, actually remains 
the same or might even increase slightly. Perhaps this shows that the carbon 
black structure is not as important a factor as has been assumed in contributing 
conductivity in electrical compounds. On the other hand, when we make a 
lower structure black there is a small change in particle size distribution—there 
seems to be a slightly narrower particle size distribution in lower structure 
blacks, and therefore we are perhaps getting more particles per unit weight of 
black than we had in the broader particle size distribution higher structure 
blacks. On top of that, of course, we have somewhat poorer dispersion for 
the low structure blacks, which would also give rise to somewhat higher 
conductive characteristics. 


A. J. Pickett: 
Q.—You mention the improved dispersion you get with the high black 


content oil masterbatch. Could you reduce the plasticizer content—say even 
down to zero—until you get a higher rate of shear? Would this give improved 
dispersion, and then possibly better physical properties—in other words doing 
the exact opposite to what you do with a high structure black, when you tend 
to add more plasticizer? 

A.—What we have done is taken the base polymer for an oil extended 
rubber which would contain 37} parts of oil and added only one half of the 
37} parts so we had a higher viscosity base matrix and to this we added a low 
structure black and found that it did improve dispersion. The remaining oil 
was added later. 


W. R. Pryer, I.C.1.: 


Q.—I think that you attributed the poorer abrasion resistance of the low 
structure blacks at least in part to the poorer dispersion. Now when we have 
had two white fillers with the same chemical analysis and particle size, but for 
some reason or other one disperses easily and one does not, we have invariably 
found that we get a better abrasion resistance with the filler that has not 
dispersed: well. One explains this rather simply by saying, “‘Well, there are 
some hard particles of filler dotted about which, in effect, provide the good 
abrasion resistance.’’ Now, on the other hand, when with the poor dispersing 
filler we find very poor flex cracking resistance, again we assume that the 
undispersed particles have provided nuclei for the cracks to develop. Now, 
in point of fact, in your low structure blacks you had poor abrasion resistance 
but very good flex cracking resistance. I was wondering, therefore, whether 
this phenomenon was not due more to other intrinsic properties of the low 
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structure blacks, rather than dispersion—such things, for example, as the 
lower hardness, the lower modulus, and presumably lower tear strength as well? 

A.—On the question of abrasion I also have heard of results where poor 
dispersion gave good abrasion, and I have nothing to add to this except that 
it may have something to do with the way the abrasion test is measured. 
Perhaps part of the abraded surface is riding on top of hard lumps of un- 
dispersed material and can’t break them down; it might give rise to something 
like better laboratory abrasion properties. On the question of flex cracking, 
in the data I showed, all those blacks were dispersed to a very high degree. 
In other words, they were all what we call 98 per cent, so that we would not 
anticipate the effect of poor dispersion on cracking in this particular set of data. 
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THE LAW OF RUBBER FRICTION * 
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INTRODUCTION 


The difference between highly elastic materials and hard solids lies in the 
small elasticity modulus, which facilitates the formation of the actual contact 
area under load. 

Being a highly elastic material, rubber is characterized by great mobility 
of the polymer chains. These considerations are the basis of the molecular- 
kinetic theory of the friction of dry vulcanized rubber of any roughness against 
hard smooth surfaces', the latter having an average height of microroughness 
comparable with the mean square length of the polymer chain in vulcanized 
rubber. 

The solid surfaces in contact with rubber may be considered smooth enough 
if the microroughnesses do not exceed 10-5 or 10~-* em. Mechanical inter- 
locking may be negligible in the process of friction on such surfaces, and the 
friction force may be then attributed to the molecular adhesive forces acting 
on the actual contact area. 

Well polished steel and other metal surfaces are practically smooth solid 
surfaces, as also are glass and certain hard high molecular weight amorphous 
bodies. Goods made of rubber and other highly elastic materials used in 
engineering come into contact as a rule with well treated smooth surfaces of 
the hard solid. 

The friction law, as it is usually called, is a mathematical relation between 
friction force and normal load. Different empirical and theoretical relations 
which do not coincide with each other have been proposed for rubber; this 
fact makes their use more difficult. 

As the friction F(kg) is dependent upon the nominal contact area, it is 
more convenient to use specific friction force f(kg/cm*) related to the nominal 
area: normal load P(kg) is to be expressed in terms of the nominal normal 
pressure p(kg/cm*)(F = fSy, P = pSy), where Sy is the nominal contact area. 


EXPERIMENTAL LAWS OF RUBBER FRICTION 


Hurry and Prock? have investigated the steady sliding friction of hard 
rubber on a smooth steel surface in the pressure range from 0.05 to 10 kg/cm’. 
From the data given in Figure 1 it can be seen that a linear relationship exists 
between friction force and normal load, in accordance with Coulomb’s law 
F =a+ bP orp =6+a/P. The authors have noted that it is impossible 
to measure the real static rubber friction. 

On these grounds they determined the friction force at a given slow sliding 
velocity. 


* Reprinted from Wear 4, 154-160 (1961). 
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Thirion*® studied the friction in the range of high loads. Soft rubbers 
were investigated for steady sliding friction on glass surfaces in the range of 
pressures from 3 to 20 kg/em* with a sliding velocity of 1 mm/min. The 


1.0 


10 15 
p (kg/cm?) 


Fic. 1.—Dependence of the friction foree of vuleanized rubber on steel upon normal pressure 
(according to Hurry and Prock?). 


results of measurements (given in Figure 2) show the inapplicability of 
Coulomb’s law. In this connection Thirion proposed another friction law, 


1/u =a + bp (1) 


where u is the coefficient of friction. 


3 5 10 15 20 
p (kg/cm?) 


Fia. 2.-—Dependence of the specific friction force of the soft vuleanized rubber on glass upon 
normal pressure (according to Thirion®). 


The same data but in the different co-ordinates are shown in Figure 3. 

The data fall on the straight line, thus confirming Thirion’s formula. 
However, in the case of small loads Thirion observed that the experimental 
points deviate downwards from the straight line. 

Further, Denny‘ showed the applicability of Thirion’s law to the friction 
of a great number of elastic polymers on lubricated hard surfaces at loads up 
to 100 kg/cm’. 


FORMULAS DEDUCED FROM VARIOUS ASSUMPTIONS 


It is known that, for hard bodies, the friction force depends upon the 
actual contact area. The latter, even at high loads, is only a small part of 
the nominal area. 
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Schallamach proceeds from the proportionality of friction force to the 
actual contact area: F = CS, examining vulcanized rubber in contact with a 
smooth hard surface and applying Hertz’s formula to the deformation of the 
rough rubber surfaces (he took, as a model, the elastic deformation of hemi- 
spherical projections). This leads to the relationship S = AP?/*, for small 
loads; at high loads it gives S— ©, i.e. to physically incorrect results. 


16 


> 4 


(kg/cm?) 


Fic. 3.—Dependence of the inverse coefficient of friction upon normal pressure 
according to data given in Figure 2. 


For friction force we have F = BP**, where the constant is dependent upon 
elastic properties of the vulcanized rubber. The coefficient of friction will be 


p= BP (2) 


This formula does not conform with the experimental formulas of Coulomb 
and Thirion. 

As previously shown®:’, the rubber friction law is expressed by the binominal 
F = cS + c’P, where S is the actual contact area, P is the normal load and 
c and c’, are constants; the second constant takes into account the effect of 
load on the adhesive forces. For pressures from 0 to 100 kg/cm?, which are 
much smaller than the adhesive forces between rubber and hard bodies, 10* 
kg/cm?*, the second term may be neglected. The friction law is simplified 
and F = CS, where C is a constant, which depends upon the test conditions: 
temperature and sliding velocity. 

Thus, the dependence of the friction force upon the load is in the multiplier 
S and it is therefore determined by the mechanical and geometrical char- 
acteristics, by the material elastic constants, and by the surface relief and 
sample size’. 

The actual contact area at small loads is given by 


S = So + a(Sy — So)p 


where Spo is the actual residual contact area at p— 0, dependent upon the 
vulcanized rubber hardness, time of the previous contact, grinding, and other 
test conditions, and a is a constant, depending upon the elasticity modulus of 
the vulcanized rubber. Under greater normal loads the real contact area 
tends to a certain limit, close to the nominal contact area Sy. 


LAW OF RUBBER FRICTION 1165 


The simplest relation® which satisfies these conditions at the limits is 


So/Sn + ap 


5 = 1+ap 


Taking this into consideration we have the following friction law formula 


So/ Sy + ap 


F = CSy (3) 
The inverse value of the coefficient of friction is expressed by the formula 
(4) 


The expressions (3) and (4) agree with the experimental formulas. In the 
small load region, when p < 1/a, formula (3) turns into Coulomb’s formula 


F = CS, + aCSy (1 - <: )p (5) 
Sw 
In the high load region, when p > So/aSy, formula (4) becomes 
1 1 
= at + GP (6) 


which is similar to Thirion’s formula. 

Thus, at small loads the formula (3) turns into Coulomb’s formula, and 
at greater ones into Thirion’s formula. The experimental investigation 
confirmed this conclusion. The investigation in the large load range from 
1 to 200 kg/cm’ is described below. As has been shown’ the formula proposed 
in reference 8 does not agree with experiment, and thus is not examined here. 


RESULTS OF THE INVESTIGATION OF THE FRICTION OF RUBBER 
OVER A WIDE RANGE OF NORMAL LOADS 


The friction force was measured both at the initial visible displacement 
(conventional static friction) and at the steady friction attained with a given 
sliding velocity according to the methods of Roth, Driscoll and Holt”. 


TABLE I 
Vulcanized rubber 
and hard solid Shore hardness Temperature °C Ckg/em? cm*/kg So% 
SKN-18, aluminum 68 23 37 0.017 O.1 
SKN-18, aluminum 68 65 15 0.020 1.4 
SKN-26, steel 56 23 27 0.023 3.0 
SKN-26, steel 45 23 15 0.111 7.0 


Vulcanized rubbers (based on SKN-18 and SKN-26) with hardnesses as 
given in the Table I, were used as test samples. Well polished steel and 
aluminum plates (purity class 12-13) served as sliding surfaces and are 
considered to be smooth. 

The initial friction was measured at the displacement velocity of 100 
mm/min and corresponded to the conventional static friction, and depended 
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upon the grinding and the time of the preliminary contact (3 min in our tests) 
and other factors. Before each test the hard surfaces were washed with 
acetone and petrol. After this process the test samples were ground, always 
using the same method. 

The relation between specific friction, force and normal pressure for 
vulcanized SKN-26 rubber is shown in Figure 4. A linear dependence exists 
at small loads (Coulomb’s law). At large loads the friction tends to a certain 
limit. 


t(kg/cm?) 


50 150 200 


100 
pikg/cm?) 


Fic. 4.—Dependence of the specific friction force of the vulcanized rubber 
SKN-26 on steel upon normal pressure at 23 °C. 


In Figure 5 the same data are given in the co-ordinates 1/y, p. In the 
range of large loads from 20 to 200 kg/cm? the points are on a straight line, 
thus confirming Thirion’s formula. The deviation of the data from the 
straight line downwards is observed in the small load range, owing to Sp not 
being zero. The continuous curve is drawn according to formula (4) with 
the values of the constants given in Table I. The data for the steady friction 
of rubber are given in the same figure, the sliding velocity being 0.025 mm/min. 
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1 


Yp 


p( kg/cm?) 


50 100 


Fia. 5.—Dependence of the inverse friction coefficient of vulcanized SKN-26 rubber on steel upon 
normal pressure ; (1) at the steady sliding velocity (0.025 mm/min) according to the data of V. D. Sidorenko, 
(2) at initial displacement at 100 mm/min. 
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The measurements of steady friction with the velocity of 100 mm/min lead 
to similar relations. 

The results of the measurements of the friction force of vulcanized SKN-18 
rubber on aluminum at 23° and 65° are given in Figure 6. 

Thirion’s formula can be applied in the range of large loads. The deviation 
from the straight line with decreasing load is observed earlier at the higher 
temperature. 


> 
10 
2 
50 100 
p(kg/crn?) 
Fia. 6.— dence of the inverse conventional static friction on the vulcanized rubber 


SKN-18 on aluminum upon normal pressure at (1) —23 °C, (2) —65 °C. 


The curves are drawn according to formula (4) with the constants given 
in Table I. 

The constants C and a were determined from the slope of the straight line 
and the value of the intercept of the y-axis (Figures 5-6). The value So was 
determined from the extrapolation of the linear plot to the y-axis (Figure 4). 
The constants are given for normal loads and friction forces, measured in 
kg/em?, So is given as a percentage of Sy. 

As was expected', the constant C decreases with increasing temperature 
due to the increase of the rubber chain mobility. The constant g, a value 
inverse to the static modulus of rubber, increases with temperature due to the 
vulcanized rubber softening. The residual contact area So increases with 
increasing temperature and with decreasing rubber hardness. 

The constant C for SKN-26 at the high sliding velocity is greater than at 
the lower one, this fact being in agreement with theory'. 

The constant a is greater for soft rubbers and smaller for hard ones, being 
in agreement with the assumption that this constant increases with decreasing 
elastic modulus. For p< 1/a it is deduced that the harder the rubber the 
better the agreement with Coulomb’s law. 

Thus, the test results of initial and steady friction confirm the correctness 
of the formulas (3) and (4) in the whole range of the loads. 

To verify Schallamach’s formula, the experimental data given in Figure 7 
are drawn in the co-ordinates where a linear dependence should be observed. 

The existence of the curvilinear dependence shows that this formula 
cannot be accepted as the law of friction of vulcanized rubber. 

It is shown by experiments‘, that Thirion’s formula is correct also for 
elastomer friction on lubricated surfaces. This confirms the fact that the 
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Fic. 7.—Coefficient of friction as a function of normal pressure — to the 
data given in Fig. 4 in the following co-ordinates x, 


analytical form of the friction law is determined in general not by the nature 
of friction, but by the formation of the real contact area under load. Therefore, 
the friction law is determined mainly by the mechanical properties of the 
elastomers and by the geometry of the contacting surfaces. 


CONCLUSIONS 


The investigation of the law of rubber friction on smooth hard surfaces 


over a wide range of normal pressures from 1 to 200 kg/cm? has shown that 
Coulomb’s formula applies in the small load region, and Thirion’s formula in 
the region of larger loads. This conforms with the formula proposed earlier 
by one of the authors; this formula becomes the Coulomb’s formula at small 
loads and Thirion’s formula at large loads. 

Schallamach’s formula has a physical meaning but is not confirmed 
experimentally. 
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RUBBER MODELS OF YARNS AND CORDS; 
THE “DOUBLING” OF SINGLE RODS * 


N. Witson** ano L. R. G. TreLoar** 


Tue British Rayon Researcu AssociaTion, WYTHENSHAWE, MANCHESTER, ENGLAND 


INTRODUCTION 


In any theory of the physical properties of yarns and cords certain basic 
assumptions must be introduced regarding (a) the geometrical disposition of 
the filaments or other elements of the structure, (6) the physical properties of 
the filament material, and (c) the specification of the stresses and strains in 
the structure. On account of the complexity of the problem, the verification 
of a theory by experiments on actual textile yarns is not easy, firstly because 
their geometrical structure is fundamentally irregular' and secondly because 
the elastic properties of typical textile fibers are very imperfect, the stresses 
not being uniquely determined by the strains. 

In order to examine the basic elements of the theory of the stresses in 
twisted filament assemblies, it has been thought desirable to examine certain 
simpler systems in which these difficulties are eliminated. For this purpose 
experiments have been carried out with model yarns, employing vulcanized 
rubber filaments. This material has the advantage of possessing almost 
perfect elastic properties, which can be simply specified. In addition, its low 
modulus and high extensibility permit the use of large ‘filaments’ which can 
more easily be disposed in a geometrically definable manner. 

The present paper is concerned with the measurement of the stresses in a 
system comprising two cylindrical rubber rods twisted together, as in the 
formation of a two-ply cord. Two cases are considered: in the first the two 
rods are initially free from torsion, while in the second the rods contain initial 
twist (analogous to singles twist in two-ply cord), before being twisted together. 
For each of these systems the stresses measured are the tension along the 
‘cord’ axis and the couple about this axis, for various values of axial extension 
and ‘cord’ twist. These are compared with corresponding values calculated 
theoretically, using the measured values of the parameters defining the 
geometry of the system and of the elastic constants of the rubber. 


THEORETICAL RELATIONS 


Torque-torsion relation for single rod.—For a cylinder of rubber of unstrained 
radius bo extended to \ times its original length and subjected to a torsion + 
about its axis (measured in radians per unit strained length), the total axial 
force F, and axial torque M, may be satisfactorily represented by the 


* Reprinted from British Journal of Applied Physics, Vol. 12, No. 4, pages 147-154, April, 1961. 
** Now at the Shirley Institute, Didsbury, Manchester 20, England. 
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equations?* 


F, = 2by? 


M, mrbo! (2) 


In these equations the constants C, and C2 define the elastic properties of 
the rubber in a large deformation of the most general type. (Individually 
these constants have no analogue in the classical, i.e., small-deformation, 
theory of elasticity, but the quantity 2(C,; + C2) is equivalent to the modulus 
of rigidity in simple shear.) 

The geometrical parameters.—By analogy with the nomenclature of textile 
cords, the assembly of twisted rods will be referred to as a ‘cord’, and the 
individual component rods as ‘piles’, Figure 1. The application of Equations 


CORD Axis 


Fic. 1.—Force diagram of corded rods. F, tensile force on rod axis; M, couple due to torsion; 
G, couple due to bending. 


(1) and (2) requires a knowledge of the ply axis length \ (referred to unit 
unstrained length) and of the torsion r in the ply. These are obtainable from 
the geometrical parameters defining the twisted state and the initial torsion 
in the single rods. 

The value of X is given by 


A} =A, seca (3) 


where A, is the ratio of the cord axis length to the length of the unstrained 
single rod, and a is the cord helix angle. The latter is related to the cord 
twist N (turns per unit length of cord axis) and cord helix radius a by the 
equation 

tana = 2rNa (4) 
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Since A, and N are directly measurable, while a is assumed equal to one-quarter 
of the outside cord diameter, Figure 1, the ply axis extension ratio \ is thus 
determined. 

The absolute torsion r in the ply is given by* 


r= +4" sina cosa (5) 


where 79 is the single rod torsion (in radians per unit unstrained length). The 
first term on the right-hand side of Equation (5) represents the contribution 
due to the initial singles torsion, while the second represents the contribution 
due to the tortuosity of the ply axis. 

Components of force and couple in ply.—Consider any plane section of the 
ply normal to the ply axis. The external forces acting on this plane to maintain 
the state of equilibrium are (i) a tensile force F normal to the section, (ii) a 
couple M about the ply axis and (iii) a couple G (bending moment) about an 
axis normal to the plane of curvature. These forces are shown in Figure 1, 
their positive senses being indicated by the arrows. 

Equations (3), (4) and (5) define the values of A and 7, the extension ratio 
and twist in the ply, in terms of the measured quantities A., N and a. To 
obtain the force F; acting across the section of the ply in the direction of the 
ply axis, and the couple M, about the ply axis, these values are introduced 
into Equations (1) and (2). This assumes that these equations remain valid 
when the axis of the rod is no longer straight, an assumption which is strictly 
justified only when the curvature is small. 

The tensile force F; assumed to act along the ply axis has components 
F, cos @ in the direction of the cord axis and F; sina in the direction perpen- 
dicular to the cord axis and to the radius to the ply axis helix (circumferential 
component). The total force F, along the cord axis due to the two plies is thus 


(6) 


F, = 2F; cosa 


The circumferential component F; sina gives rise to a total couple about 
the cord axis of amount 
sina (7) 


The couple M, about the ply axis may be resolved into components M, cos a 
about the cord axis and M, sina about the circumferential axis. For the 
two plies the circumferential components cancel out. The component about 
the cord axis due to the two plies is 


2M, cosa (8) 


In addition to these two components, there is a third component G due to 
the bending of the ply axis. Since no complete theory of the problem of the 
bending of a circular rod subjected to large deformations is available, this 
component is calculated from the classical (small-deformation) theory by 
means of the formula 


G = EI/p (9) 


where EF is the Young’s modulus, J the moment of inertia of the cross section, 
and p the radius of curvature. For £, however, the value used is not that 
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corresponding to the unstrained state (as in the classical theory) but the 
effective longitudinal modulus of the rubber in the stretched state, for a small 
superimposed deformation. This is given by Ey, where 


(10) 


where F, is the tensile force on a rod of length / and area A, measured in the 
strained state. Putting r = 0 in Equation (1) and differentiating, we obtain 


2 
— = 2rb,? (1 + + (11) 


3C2 } 
dy 


This refers to a rod whose initial radius is b) and whose cross-sectional area A 
in the strained state is (from the condition of constancy of volume), 


A = rb?/d (12) 
Insertion of (11) and (12) in (10) gives 


2 


by = 20, (+2) + 


(13) 


This is the effective modulus in the axial direction for a rod without twist, at 
the extension ratio. For a circular rod of radius 6 (in the strained state) the 


value of I is 
I = (14) 


Substituting Equation (13) and (14) in Equation (9) we obtain for the bending 


moment 
G, = 4p {201 + } (15) 


This couple acts about an axis normal to the principal plane of curvature of 
the ply axis, i.e., about an axis inclined at an angle 34 — a@ to the cord axis. 
It may therefore be resolved into a component couple about the cord axis of 
amount Gsina, and a component couple about a circumferential axis of 
amount Gcosa. For the two plies the two circumferential components 
cancel out, and the resultant axial couple is 


2G, sin @ (16) 


The total couple M,. about the cord axis due to the tensile force F;, the 
torsional couple M, and the bending moment G; is therefore from Equations 
(7), (8) and (16), 


M, = 2M, cosa + 2Fiasin a + 2G; sina (17) 
Corrections to above formulas.—The use of the foregoing formulas may lead 


to significant errors, particularly at high values of cord twist. These errors 
arise primarily from the curvature of the ply axis, which introduces a lateral 
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pressure between the two plies. The effects of this lateral pressure are (a) to 
reduce the force along the ply axis required to maintain a given extension of 
the ply axis, and (6) to produce a distortion or flattening of the cross section 
which will affect both the torsional couple about the ply axis and the bending 
moment. The distorted section may be approximated by an ellipse having 
major and minor semi-axes b; and be. Experimentally b» is taken to be equal 
to a, Figure 1, while 6; is obtained from measurements of the ply diameter in 
the perpendicular direction. (At the highest twists values of bi/b: as high 
as 1.32 were obtained.) 


Fie. 2.—Diagram of apparatus used for measurements of axial tension and torsional couple. 


Corrections have been worked out for (i) the effect of the lateral pressure 
on the tensile force F; along the ply axis, (ii) the effect of non-circularity of 
section on the torsional couple M,, and (iii) the effect of non-circularity on the 
bending moment G,;. In addition an attempt has been made (iv) to correct 
the value of £, (which is involved in the calculation of G,) for the effect of 
torsion. The calculations of these corrections, which are given in the 
Appendices, are essentially rather crude, but should be sufficient to enable 
an estimate of the respective orders of magnitude involved to be made. From 
the numerical values of the corrections, given later, it appears that the only 
one which is of real significance in the present experiments is (i). 
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THE EXPERIMENTAL ARRANGEMENT 


The experiments involved the measurement of axial tension and torsional 
couple in both the single rod and the two-ply ‘cord’. The apparatus used for 
these measurements is shown diagrammatically in Figure 2; A is a rigid 
mounting to which was attached the upper clamp B which could be rotated 
about a vertical axis. The lower clamp C was rigidly fixed to the drum D of 
6 cm diameter. Rotation of this drum was limited by threads attached to the 
calibrated springs E. The length of the specimen S (single rod or cord) 
between clamps was 25 cm; measurements of strain parameters were made on 
a 10-cm marked length a c, by means of a low-power microscope, the twist 
being obtained from the number of turns in the 20-cm length a b. Before 
mounting, the rods were stretched to twice their length and released about 
twenty times; measurements of the unstrained dimensions (length and 
diameter) were made after this preliminary treatment. 

The rubber used was a commercial gum vulcanized rod of diameter 5 mm 
and specific gravity 1.048. 
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Fic. 3.—Torque plotted against torsion in single rod at extension ratio (1) 1.01, (2) 1.19, (3) 1.38, 
(4) 1.61, (5) 1.85 and (6) inset, 1.59. The origin is displaced 0.2 rad/cm at each extension ratio. © twist 
increasing, + twist decreasing. 


NUMERICAL CALCULATIONS 


From the measured geometrical parameters of the cord and the values of 
C, and C2 determined experimentally, as described in the following paragraph, 
the components F, M and G were calculated, using the formulas given in the 
second section together with the corrections set out in the Appendices. The 
contributions to the total cord torque were calculated by means of Equations 
(7), (8) and (16), in which F;, M, and G, are replaced by the corrected values 
F, M and G. The separate components of torque thus calculated are shown 
in Figures 4, 5, 7 and 8, together with the total torque, obtained by summation 
of these components. The calculated values of axial load are given in Figures 
6, 9 and 10. 

The effect of the various correction terms on the components of the total 
torque is shown in the accompanying Table, which refers to the experiments 
with zero single rod torsion. It will be seen that all the correction terms 
increase in importance with increasing twist, and that the most serious is that 
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due to the effect of lateral pressure on F. The corrections due to the effects 
of torsion in the ply and non-circularity of section respectively on the bending 
couple act in opposite senses and nearly cancel each other out. 


EXTENSION AND TORSION OF SINGLE ROD: 
DETERMINATION OF ELASTIC CONSTANTS 


The experiments on the combined extension and torsion of a single rod 
involved the measurement of the axial couple as a function of twist, at constant 
axial length. This necessitated adjustment of the load LZ for each value of 
twist. The relations between axial couple and torsion in the rod, for various 
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Fic. 4.—Torque plotted against torsion in corded rubber rods. Rods initially without twist. 
— theoretical. O experimental. Cord extension ratio =1.01. 
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Fie. 5.—Torque ay against torsion in corded rubber rods. Rods ages without twist. 
theoretical. © experimental. Cord extension ratio =1.64. 


values of the extension ratio \, are shown in Figure 3; these are approximately 
linear, in agreement with Equation (2). The inset is included to show that 
this linearity is maintained up to values of torsion equal to the highest en- 
countered in the doubled rod experiments. (This occurred in the case in 
which the initial single rod torsion was —7.11 rad/em, where the ply torsion 
reached a value of —6.08 rad/cm with a ply extension ratio of 1.56). 

The degree of reversibility of the torque is indicated by the points obtained 
during untwisting of the rods, which are shown in Figure 3. 
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To obtain the values of the constants C,; and C2 in Equation (2) the 
quantities M/zbo'r, obtained from the slopes of the lines in Figure 3, were 
plotted against 1/A. In accordance with Equation (2) this should yield a 
straight line, whose intercept on the axis \ = 1 is equal to C; + C2 and whose 
slope is C2. Five sets of values of C; and C2 were obtained. From the nature 
of this experiment the value of C; + C2 can be obtained more accurately than 
the values of C, and C2 separately. (Conversely, the individual values of 
C; and C2 have a smaller effect on the calculated values of the stresses than 
does their sum C, + C2; their lower accuracy is therefore less significant.) 
For C; + C2 the values obtained were within +3%, while for C; and C2 
separately the scatter was much greater. The mean values obtained were 


C, = 1.64 kg/em*, C2. = 0.62 kg/em*, + C2 = 2.26 kg/em*. (18) 


EXPERIMENTS ON CORDED RODS 


Without initial twist in single rods—The two rods were mounted parallel 
to each other between the clamps B and C (Figure 2) with the reference 
marks on the same horizontal line. For each value of cord twist the axial 


TORSION 


Fic. 6.—Axial tension plotted against torsion in corded rubber rods. Rods initially without twist. 
Extension ratios, (a) 1.64 and (6) 1.01. — theoretical. O experimental. 


load was adjusted so as to keep the axial extension ratio A. constant. The 
axial length was measured on a travelling microscope, which was also fitted 
with an eyepiece scale for the measurement of the cord diameter 4a and the 
larger ply diameter 2b,, Figure 1. Mean values of several measurements of 
these quantities along the length of the cord were used. The experiment was 
carried out at six values of \, ranging from 1.01 to 1.64. The results for the 
two extreme values only are reproduced here; the remaining data were inter- 
mediate, and their inclusion would not reveal any features which are not 
brought out by the results actually reported. The maximum cord twist 
employed corresponded to a cord helix angle of about 33°. The relationship 
between cord torque and cord torsion for these two values of axial extension 
is given in Figures 4 and 5, and the corresponding values of axial load in 
Figure 6. 
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With initial twist in single rods—The initial twist was inserted in the 
single rods by clamping them side by side at one end and rotating the other 
ends independently through the same number of turns. The top ends were 
then locked together and the cord twist inserted in the usual way. Two 
experiments were carried out; in the first the single rod torsion was —2.21 
rad/em and the axial extension ratio 1.14, while in the second the single rod 
torsion was —7.11 rad/em and the axial extension ratio 1.48. The negative 


2 
CORD TORSION cu) 
Fic. 7.—Torque plotted against torsion in corded rubber rods. Rods initially twisted. -— theoretical. 
O experimental. Cord extension ratio = 1.14. Initial single rod torsion = — 2.21 rad/cm. 
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Fic. 8.—Torque plotted against torsion in corded rubber rods. Rods initially twisted. — theoretical. 
© experimental. Cord extension ratio = 1.48. Initial single rod torsion = — 7.11 rad/em. 


sign implies that the singles twist is in the opposite sense to the positive cord 
twist. (The second experiment included both positive and negative cord 
twists.) The relation between cord torque and cord torsion is given in 
Figures 7 and 8, and the corresponding values of axial load in Figures 9 and 10. 

The calculated curve of Figure 10 is carried beyond the range of the 
experimentally applied torsion in order to show the maximum and minimum. 
This calculation involved a small extrapolation of the measured values of a. 
Any possible errors in this extrapolation would not be sufficient to alter the 
general form of the calculated curve. 
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COMPARISON OF CALCULATED AND OBSERVED FORCES 


Cord torque.—In the case of zero single-rod torsion the calculated and 
observed values of cord torque are in close agreement, except at the highest 
twist. When single rod torsion is present there is a small but consistent 
discrepancy over the whole range of cord torsion. This discrepancy is such 
that at zero cord torsion the observed couple is numerically lower than that 
calculated. At this point the couple is simply that due to the straight twisted 


CORD TORSION (RADIANS cu) 
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Fic. 9.—Axial tension plotted against torsion in corded rubber rods. Rods initially twisted. — theoretical. 
O experimental. Cord extension ratio = 1.14. Initial single rod torsion = — 2.21 rad/em. 
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CORD TORSION (RADIANS CM“) 
Fie. 10.—Axial tension plotted against torsion in corded rubber rods. Rods initially twisted. — theoretical. 

O experimental. Cord extension ratio = 1.48. Initial single rod torsion = — 7.11 rad/cm. 
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rods, and the discrepancy can only be interpreted as a lack of reproducibility 
in the stress-strain properties of the rubber. This discrepancy, and hence 
also the discrepancies at other values of cord torsion, is consistent with a 
greater degree of stress relaxation in the experiments involving cord torsion, 
compared with the single-rod experiments—a not unreasonable supposition in 
view of the longer time taken. 

Cord azial tension —Comparing the values of axial tension, we find fairly 
close agreement with theory for the case of zero single-rod torsion. For the 
case when single-rod torsion is present, however, the deviations are larger, 
particularly at high values of cord torsion. These deviations may arise either 
from the non-fulfilment of the assumptions upon which the theory is based, 
or from the admitted inadequacy of the theoretical treatment in the case when 
the curvature of the ply axis is large and the departure from circularity of the 
section considerable. It would not appear profitable at the present stage to 
attempt a more exhaustive analysis of the theoretical problem, but it is hoped 
that further work, involving multi-filament yarns, will enable a more balanced 
assessment of the adequacy of the present type of theory to be obtained. 
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SUMMARY 


The paper is concerned with the calculation and measurement of the 
stresses involved in the twisting together of two cylindrical rubber rods, which 
may be taken as a model of a two-ply cord. Two cases were examined: in 
the first the rods are initially without twist, while in the second they contain 
initial twist. The forces measured are the couple about the ‘cord’ axis and 
the tension along this axis, as functions of ‘cord’ twist and ‘cord’ axial extension. 
The forces are calculated on the basis of Rivlin’s equations for the stresses in 
a rubber cylinder subjected to combined axial extension and torsion, corrections 
being introduced for the effects of lateral pressure between ‘plies’ on the 
tensile force, the non-circularity of section resulting from this lateral pressure 
on the couple due to torsion and bending, and for the effect of torsion on the 
bending couple. 

For the case of zero initial twist in the rods the agreement between calculated 
and observed forces is good. When initial twist is present, however, there are 
significant differences, which are not fully understood. 


APPENDIX 1 
CORRECTION OF THE TENSILE FORCE IN THE PLIES DUE TO LATERAL PRESSURE 


A lateral pressure exerted on the curved surface of a cylindrical rod will 
tend to cause an elongation in the axial direction. If the rod is subjected also 
to an axial tension, the effect of the lateral pressure is to reduce the axial 
tension required to maintain a given axial extension. The effect on the axial 


tension may be obtained by superimposing a negative hydrostatic pressure 
so as to reduce the mean lateral pressure to zero. For a material having 
volume incompressibility this does not affect the state of strain. 


26 f 
4 


Fie. 11. 


The effect will first be obtained for a curved rectangular strip; this result 
will then be applied to the case of a rod of elliptical section. 

Rectangular strip bent into a cylinder—Consider a rectangular strip bent 
into the form of cylinder having the section shown in Figure 11. Let X be 
the thickness, p the radius of curvature of the neutral axis and 26 the (small) 
angle subtended at the cylinder axis. The dimensions parallel to the axis will 
be taken as unity. The tensile stress ¢; acting on the end surface will be as- 
sumed to be constant. If p is the pressure in the radial direction, the radial 
force acting on a surface at the radial position r is p(26r). The resultant out- 
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wardly directed radial force acting on a shell of radial thickness dr is therefore 
—20{(p + dp)(r + dr) — pr} = — 20(pdr + rdp) (Al) 


For this to be in equilibrium with the sum of the radial components of the 
tensile forces t,dr acting at each end, it follows that 


2t,0dr = — 20(pdr + rdp) 3 (A2) 


(A3) 


Integration subject to the boundary condition p = 0 when r = p + 4X gives 


1 
p=4(e+** -1) (A4) 


Equation (A4) represents a linear rate of fall of pressure from a maximum at 
the inside surface to zero at the outside. The pressure P on the inside surface 
has the value 


(A5) 


The mean value of the radial pressure throughout the specimen is $P, which, 
for small curvatures (}X <p) may be written 


P = 31P~tX/2 (A6) 


It will now be assumed that for the purpose of calculating the effect of the 
lateral pressure on the tensile stress, the actual pressure distribution may be 


t2 


Fic, 12. 


replaced by a constant pressure P equal to its mean value. (This will be true 
for small values of P.) The resultant state then corresponds to a homogeneous 
stress, with principal (tensile) components ft), f2 and t;, Figure 12, having the 
values 

= ty 


=0 (A7) 
-P 


or 

dp 
r= 
dr E 
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Superimposing a hydrostatic pressure —}P, the corresponding principal 
stresses become 


tio = ti + 
too = + 4P (A8) 
ts = —4P 


the mean lateral stress }(t2o + t30) is now zero, but the state of strain is un- 
changed. Thus to is the tensile stress that would have to be applied, with 
zero mean lateral stresses, to maintain the same strained length of the specimen. 

It does not follow immediately that the tensile stress t19 corresponds to 
that for a rod in simple extension. For this to be so it is necessary that the 
presence of the lateral stresses tz) and tso9 in Equations (A8) shall not affect 
the tensile stress tio, for a constant extension ratio \, in the direction of the rod 
axis. This is certainly true for small deformations, since the two lateral 
stresses are equal and opposite (corresponding to a shear stress). For large 
deformations it is no longer exactly true, but it is easy to show that the effect 
of the transverse stresses on the tensile stress required to keep A, constant is 
proportional to the square of the lateral strains, and hence is not important 
unless these are comparatively large. In the present experiments the highest 
ratio of major to minor axes was 1.32. With the experimental values of C; 
and C, this would give a maximum change in ty of only 0.25%, which is 
negligible. 

We may therefore assume that the relation between the tensile stress ty 
as calculated for a straight rod and the actual tensile stress ¢,; in the curved 
rod is represented by the first of Equations (AS). Inserting the value of P 
from Equation (A6), this yields 


w= t (1 + x) (A9) 
p 


Rod of elliptical section.—Consider a rod of circular section subjected to 
axial extension and bent into a circular are of radius p. We will assume that 
its section in the deformed state is an ellipse, Figure 13, having principal semi- 


Fig, 13. 


axes 6; and be, the axis be lying in the plane of curvature. As in the case of 
the rectangular strip, let t)) be the stress, and fy the corresponding axial force 
required to maintain the axial extension in the case when the mean lateral 
stress is zero, and ¢; the mean stress on a strip of thickness 2x and width dy 
referred to axes coinciding with the principal axes of the ellipse. Applying 
the above result for the rectangular strip the tensile force df on this strip is 


df = t2xdy = tho (A10) 


| 
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The total force over the section is therefore 


j= (A12) 


(A13) 
Putting fo = mhybotyo, 
(Al4) 


In this expression fo is the axial force when the mean lateral stress is zero, i.e. 
when fo and tsp have equal and opposite values, as in Equations (A8). It is 
these residual stresses, which together constitute a shear stress, that maintain 
the lateral strain, i.e., the ellipticity. If these lateral stresses are removed 
the rod returns to its original circular shape, but the tensile force (at constant 
axial extension) is unaffected. Hence f is the force required to produce the 
same axial extension in a straight circular rod. 

The above argument assumes that the strains associated with the lateral 
curvature may be dealt with on small-deformation theory. This implies 
that the radius of curvature is large compared with the radius of the rod, and 
that the ellipticity is small. In our actual experiments this condition was 
not always satisfied, but since the effects here considered are only brought 
in as a correction to the large-deformation theory, this imperfection should 
not be serious. The reason for including the elliptical, rather than the circular 
section in the analysis is that it shows that the significant dimension for the 
calculation of this correction is the minor axis 6. rather than the mean 
radius bo//X. 


APPENDIX 2 
CORRECTIONS DUE TO NON-CIRCULARITY OF SECTION OF THE RODS 


Torsional couple M.—For a homogeneous, isotropic, elastic material of 
elliptical cross section, the twisting couple, on the basis of the classical (small- 
strain theory) 

by? + 62 

where b; and b2 are the major and minor semi-axes of the ellipse, 7 is the 

torsion and yu is the modulus of rigidity. For b; = be = r this reduces to the 
usual form 

(A16) 


The large-strain equivalent of (A16) is 


M, = + = mr, + 
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where by and r are the unstrained and strained radii, respectively. It will be 
assumed that the correction for non-circulatiry in the case of large strains 
involves the replacement of r* by the same function of 6; and be as in the 
classical theory. The result is then 


M = arc 


+ be (A18) 


where 5; and be are the radii measured in the strained state. We may write 


2b; /b2 2b;/be 


2p 
by? + + 1 + by?/b? 


bot (A19) 


since for an incompressible material Ab,;b. = bo?. It follows from Equations 
(A17) and (A18) with (A19) that 


where M, is calculated from Equation (2). 

(It is assumed in the above treatment and also in the paragraph below, 
that the ellipticity of section is present in the unstrained state. Actually, the 
unstrained section is circular, and the ellipticity is produced by the forces 
acting on the system. In small-deformation theory this would not affect the 
result, but this cannot strictly be assumed in the case of large deformations.) 

Bending couple G.—Assuming that the longitudinal modulus remains 
unchanged, we are concerned only with the change in shape of the cross section. 

The derivation of the bending couple G, (Equation (15)) was carried out 
on the basis of a circular cross section of radius b, calculated from the un- 
stretched radius bp and the extension ratio A. From the classical equation 


for small strains, 
G = EI/p (A21) 


For a circular section J = rb*/4; the uncorrected couple G, is therefore 
G, = (A22) 
For an elliptical section of semi-axes b; and be, with be in the plane of curvature 
I = (A23) 
From Equations (A21) and (A23) the corrected bending moment G is 
G = Embyb.*/4p (A24) 


Also 
rb? = (A25) 


Comparing (A24) with (A22) we thus obtain 
G _ byb® 1 


Gi by q 


(A26) 
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APPENDIX 3 
CORRECTION DUE TO THE EFFECT OF TORSION ON BENDING COUPLE 


To investigate the effect of torsion on the bending of a stretched rod, the 
rod may be considered to be composed of a number of cylindrical shells, whose 
moduli (parallel to the axis) are a function of their radii. The contribution 
of a given shell to the bending couple will be taken to be given by the usual 
small-strain formula; the total couple is then obtained by integrating with 
respect to the radius. The resultant mean effective modulus for bending is, 
of course, different from the mean effective modulus for simple extension of 
the twisted cylinder, since, in the case of bending, the contribution of a shell 
depends not only on its cross-sectional area but also on its radius. 

Modulus of shell—The modulus of a shell for a small superimposed extension 
may be obtained from the stored-energy function. For a shell of radius ro in 
the undeformed state subjected to an axial extension in the ratio A, so that its 
radius in the strained state is r = ro/A', together with a torsion r per unit 
length, measured in the strained state, the stored energy per unit volume is*® 


x + rr? — 3) (A27) 


W = (x + Ar ry? 3) + Ce (20 


If @ is the angular rotation per unit length, referred to the unstrained length, 
then r = 6/A. In terms of # the above equation becomes 


1 + Pri? 


2 + 3) (A28) 


: 3) + 


W=C, (x + 


For a further extension /yd\ at constant @ the change in W is equal to the work 
done by the applied force f, namely flodA, where lp is the initial unstretched 
length. Hence, if Ao is the initial cross-sectional area, 


= AglodW 
or 
f = Ao (> ), (A29) 


In the case of a twisted rod, the quantity of f is not the force actually 
exerted on the annulus as it exists in the rod, but the force which would be 
exerted on this annulus if the shell were removed from its surroundings. The 
actual force is not related to the change in W by Equation (A29), since work 
is also done by the other components of force (radial and azimuthal) present 
in the rod. A more fundamental analysis (in which the work done by the 
bending couple is related directly to the stored energy) is required fully to 
justify the simplified treatment given above. 

The differential Young’s modulus for the extension [odd is the ratio of the 
increment of force per unit strained cross-sectional area to the increment of 
length per unit strained length, i.e., 


where Ao(=2zrodry) is the unstrained area of cross section. 


= 
f 
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Combining this result with Equation (A29) 
Ey = 
From Equation (A28) we obtain 


1 + 


Expressed in terms of r and r this becomes 
Ey = 2C; (x + (5 + (A33) 
Integration with respect to radius.—If dG is the contribution to the bending 


couple when the elementary shell is bent in such a way that the axis has a 
radius of curvature p, then 


dG = E\I/p (A34) 


where J = wr*dr._ The total couple for the whole rod is therefore 
G = (n/p) E,r'dr 
0 


where 6 is the radius of the rod in the deformed state. 
Substituting Equation (A33) for Z, and integrating, we obtain 


ahs 2 C xb® 


It is convenient to express this result as the sum of two terms, i.e., 


G=G,+ (A37) 


where 


rb! 2 6 
G; = {20, + (A38) 


is the bending couple for the untwisted rod derived in the text, Equation (15), 
while 


Gz = (wb*/6p) + 3C2)} (A39) 


is the additional couple due to the torsion. The correction due to torsion is 
thus 
G2 + 


G, + + 902)? (A40) 


It is seen that this correction increases as the square of the torsion. 


by = (Gr), 20 (+ + oc. 
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ELASTOMERIC ADHESION AND ADHESIVES * 


S. S. Vorutskti 


In a review by Weidner and Crocker', published, under this title, in 
Rubber Reviews for 1960, there is expressed a series of critical remarks about 
the development by my collaborators and me of the diffusion theory of specific 
adhesion of polymers. Unfortunately, the authors of the review made use 
of only four articles, having ignored a series of recent articles?-* and my special 
monograph’ which appeared in 1960. This probably was the cause of the 
one-sided view of Weidner and Crocker. I will try here very briefly to cite 
some principles of the diffusion theory of adhesion which the review has 
disregarded and also I will endeavor to reply to some of the comments of 
the authors. 

1) At the present time the diffusion nature of autohesion is recognized by 
a number of investigators’’*-". It appears as though the authors of the 
review do not object to the diffusion nature of autohesion. If this is so, then 
there is reason to admit the possibility of diffusion in the case when two 
polymers, different in nature but capable of mutual compatibility, are brought 
in contact. 

2) With respect to the significance of diffusion for specific adhesion of 
one polymer to another polymer it is noteworthy that all factors favoring 
diffusion and mutual compatibility generally favor an increase of adhesive 
strength. These factors are increase of duration and rise of the temperature 
of contact, increase of flexibility of molecular chains, decreased number and 
size of branching, decrease of intermolecular interaction, approximation of 
polarity of adhesive to polarity of substrate, etc. Other theories of specific 
adhesion (adsorption, electrical) are not able to explain or only partly explain 
a similar dependence. It is very important also that the diffusion theory 
easily explains the worsening of adhesion to a polar substrate during an increase 
of polarity of adhesive*®. Neither the electrical theory nor adsorption theory 
of adhesion are able to explain this phenomenon. 

3) Of course, it does not follow that all cases of adhesion result from 
diffusion. The case when adhesion is a consequence of diffusion and, as well, 
the case when it results from other causes has been examined in considerable 
detail by me’? and also by Morozova and Krotova'. 

4) The authors of the review suggest the argument against the diffusion 
theory of adhesion for solid polymeric substrates (e.g., to cellophane) that 
diffusion penetration of adhesive molecules is impossible. However, it should 
be taken into account that penetration of adhesive molecules into a substrate 
in very small depth (of the order of a few angstroms) is sufficient to increase 
the adhesive strength many times. The simple computations of G. A. 
Patrikeev® confirm this. Moreover, I showed the possibility in this case of 
local diffusion, i.e., diffusion of certain groups of the molecular chain of the 
adhesive into separate microsections of the substrate’. 


* Translated by Earl C. Gregg, Jr. for Russer Cuemistry AND TECHNOLOGY from a letter to the 
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5) Apart from the fact that, for the formation of a durable adhesive bond, 
diffusion of the adhesive molecules into the substrate for a small depth is 
sufficient, Krotova and Morozova showed the presence of diffusion of a series 
of elastomers during contact by microscopic investigation. 

6) The authors of the review think that the diffusion theory of adhesion 
is unable to explain the sharp drop of strength of adhesion (bond) by the 
adhesive bond of cellophane with a polymer becoming wet with water. 
However, this effect is very easily explained by the swelling of the cellophane 
and by the origin of strain as a result of this in the contact zone which leads to 
the destruction of the adhesive bond. The lowering of the adhesive bond 
strength as a result of strain arising during vulcanization of rubber was re- 
cently published by us in a special communication". 

7) Finally, I note that the diffusion theory by the explanation of specific 
adhesion of polymers to one another is derived from their most basic features— 
chain structure and mobility of flexible macromolecules which make possible the 
blending of polymers in the boundary layer. In this respect the diffusion theory 
is distinguished advantageously from other theories which absolutely do not 
take into account the specific peculiarities of the polymers being exhibited 
only by universal adhesives. Moreover, this theory explains a group of factors 
and conformities completely incomprehensible from the point of view of 
other theories of specific adhesion*.’. 
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C. L. WEIDNER AND G. J. CROCKER 


JoHNSON AND Jounson, J & J Resgarcu Center, New Brunswick, New Jersey 


We would like to point out first of all that the seven recent publications of 
Voyutskii were not “ignored” by us but were simply unavailable to us at the 
time our review was written. We have now had the opportunity of reading 
all but one of his recent contributions but see no reason to change our original 
viewpoint. 

In Voyutskii’s cited references, and particularly in his own works, he has 
emphasized the role of diffusion in adhesion. His viewpoint has been condi- 
tioned by his notion that adsorption values are inconsistent with high peeling 
work, and cannot account for peel adhesion rate dependence, and the strong 
adhesion of nonpolar polymers. We would fully agree that diffusion often 
plays a role in adhesion, certainly in autohesion and probably in other cases 
of polymer bonding as well when the polymers are not too dissimilar. The 
effect of mutual solubility in promoting strong adhesion has been a long 
accepted principle. The suggestion of it is inherent in the article on tackiness 
by Josefowitz and Mark! and it had grown in acceptance sufficiently by 1947 
to be clearly stated in an encyclopedia article on adhesion by one of .s*. But 
to regard this mechanism as dominant in such cases as adhesion of NBR to 
cellophane seems unjustified. 

The difference of two or three orders of magnitude between absorption 
energy and work of peeling is explicable in terms of adhesive film deformation. 
Deryagin and Krotova’ state that this is not the case but their analysis con- 
sidered only bending and lengthwise stretching of the adhesive film, over- 
looking the much more important thickness deformation. Since Voyutskii 
and Vakula‘ cite Deryagin’s analysis as their authority it would seem that 
they have also overlooked this point. Among Russian authors, Patrikeev® has 
considered this effect and has refuted Deryagin’s conclusions. 

Another Voyutskii contention is that adsorption cannot account for the 
rate dependence of peel adhesion. Actually, as pointed out in an excellent 
recent article on tack by Dahlquist®, rate dependence of adhesion can be 
explained in either of two ways: by the rate dependence of the modulus 
affecting deformation work as discussed by Kaelble’, or by the absolute rate 
theory of Hatfield and Rathman*, both of which are perfectly consistent 
with adsorption. 

A third alleged weakness is the contention that adsorption cannot account 
for strong bonding of nonpolar polymers. When proper allowance is made 
for deformation work, dispersion forces are quite adequate to account for 
measured bond strengths in most cases, although in some cases diffusion may 
also be a prominent factor. 

Adhesive tape immediately wets and joins to almost any solid surface. 
In some cases adhesion increases over long periods of storage. In other 


* Compare the p ding article for other discussion of the subject. 
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cases this does not occur to a significant extent. When the peel adhesion is 
measured on various porous and nonporous materials, it varies. Frequently 
it is of low order on difficultly wettable materials like Telfon. Treating the 
surface to make it wettable improves adhesion, even when the treated surface 
is polished by heating under a glass plate. 

Adsorption can equally well explain the age and heat history dependency 
of bond strength. The work of Ullman and coworkers’ on polymer adsorption 
shows a temperature effect consistent with Voyutskii’s data. Voyutskii 
states that deposition from solvent insures that adsorption is complete as soon 
as the solvent is removed. This seems doubtful. Diffusion of the last traces 
of solvent from the film must leave some polymer molecules at the interface 
in other than optimum configurations, and additional time or heating will 
continue to improve conformance to the surface. 

Voyutskiil also cites calculations of Patrikeev’ showing that only 5-10A 
diffusion can account for very large increases in contact area. It is to be 
expected that cellophane and other polymer film surfaces are rough on the 
molecular scale, with roughness of at least this order of magnitude. This 
raises a question as to whether our differences are partly semantic. If by 
diffusion Voyutskii means migration of the polymer molecules into pre-existing 
surface irregularities, we would agree with this but label it as adsorption or 
conformance to a surface. If, on the other hand, diffusion implies to Voyutskii 
as it does to us that polymer molecules would penetrate into the cellulose 
substrate itself, then we would discount this possibility very strongly. 

Raevskii and Voyutskii® attribute the decrease in adhesion with increasing 
vulcanization time for various rubbers on cellophane and polyamide films to 
development of shrinkage stresses in the rubber during network formation. 
This is necessary from a diffusion theory standpoint since, as Voyutskii himself 
points out, cessation of diffusion could only account for the adhesion attaining 
a limiting value, not for its decrease. From the viewpoint of an adsorption 
equilibrium on the other hand, this behavior is quite natural. Visualizing 
the situation as a continuous adsorption—desorption, vulcanization will tend 
to capture some of the desorbed segments and lock them in the network, 
preventing their readsorption, thus shifting the adsorption equilibrium to a 
lower level. 

Voyutskii remarks that complete loss of adhesion to cellophane on wetting 
is explainable by the strains set up on swelling. With highly elastic and 
conformable polymers, such as we are considering, this seems impossible. 
Stretching, rather than swelling, the cellophane, fails to show this effect. 
This seems to be a clear case of desorption of the weakly adsorbed polymer 
molecules by strongly adsorbed water molecules. 

It is true, as Voyutskii"' has argued, that increasing polarity of adhesive 
does not always lead to increased peel adhesion values. Either the impaired 
ability of such polymers to conform to a surface or to diffuse into the substrate 
is involved. 

In our review we have attempted to discuss not only how adhesive joints 
are formed, but to suggest what forces come into play when loads are applied 
and the joint is separated. Wetting, adsorption, diffusion, charge distribution, 
rheology, and tackiness are pertinent aspects of adhesion. We do not regard 
any of these viewpoints as being exclusively advantageous and if a quantitative 
prediction of adhesive performance becomes possible it will most likely be 
achieved by combining more than one of the several factors which have been 
considered. 
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SOME CORRELATIONS IN THE SECOND ORDER 
TRANSITION OF RUBBERS * 


G. M. BarTENEV AND Yu. A. GORBATKINA 


Tue V. P. Poremkin Pepacoaicat Institute, Moscow, USSR 


The most characteristic feature of the vitrification of an amorphous sub- 
stance is the dependence of the glass temperature on the variable treatment 
(time scale) applied to the specimen. The dependence of JT, on the rate of 
heating (cooling), as studied by Vol’kenshtein and Ptitsyn’ and somewhat 
earlier by one of us’, is the most important variable characteristic of vitrifica- 
tion. The experimental data which confirm this dependence are published*~® 
but only in Reference 5 is a systematic study reported. In it a large number 
of substances including silicate glasses, plastics, and rosin with softening 
temperatures from 30° to 850° were studied over a wide range of heating rates, 
0.2-50°/minute. In all cases upon increasing the rate of heating 7, shifts to 
higher temperatures, which indicates the kinetic nature of the glassing process. 
Static vitrification, i.e., the transition upon cooling from the liquid into the 
hardened state in the absence of mechanical or other force effects also has 
been investigated®. 

The rate of molecular rearrangement is different for different amorphous 
substances and depends on the temperature and on the activation energy U— 
the size of the potential barriers depending on structures and intermolecular 
forces. The greater the energy of activation the higher the glass temperature.°® 
The activation energy for a change in a liquid and for a change in a glass are 
different, depending upon the temperature’. This is evident in Figure 1. 
Before experimentation the amorphous substances of Reference 5 were sub- 
jected to annealing at the 6 temperature, which lies 30—40° below the standard 
glass temperature 7',** at a cooling rate of 3°/minute. The structure of these 
glasses corresponded to the structure of the liquid state at the 6 temperature. 
Because a glass does not change structure with a change of temperature, the 
activation energy, with the same approximation used for volume, is a linear 
function of temperature U' = Ly — aT (straight line 2 in Figure 1). 

The important result in Reference 5 is the quantitative correlation between 
the rate of heating W and T,: 


= Cy C2 In W (1) 
where C; and Cz = 2.3k/Uo are constants, different for different amorphous 
substances. k is the Boltzmann constant; Uo is the activation energy extra- 
polated to 0° K; whereupon C2 = 0.031 C; for all substances if W is expressed 
in degrees/second and 7’, in °K; the numerical value of the constant C; depends 
on the units used for the rate of change of temperature. In the constant C; 


* Translated by M. P. Dreyfuss and P. Dreyfuss for Russer CuemistrY AND TecHNOLOoGY from 
Vysokomolekulyarnye Soedineniya 1, No. 5, 769-75 (1959). 
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are included both constants a and Uo and in the constant C2 is included only 
the “zero” activation energy Uo, which is the activation energy of a glass at a 
temperature approaching absolute zero. The values of U» and C2 depend on 
the temperature of annealing, but the constant a is practically independent of it. 

For substances, including rubber, whose glass temperatures lie below 20° 
systematic investigation of the influence of variable factors on glassing have 
not been reported. The results of our investigation of the vitrification of 
butadiene-styrene rubber SKS-30 and butadiene-nitrile rubbers SKN-18 and 
SKN-40 upon cooling are reported here. 


Fic. 1.—Temperature dependence of the 
activation of fine 1—of the li 
state, 2—of a glass with structure A, 3—of a 

with structure B, 4—tangent to point B. = 
means,7 


of SKN-40 on temperature. Rate 
O—24, @—3.3°/minute. The Al is 
reduced to standard units (standard unit = 8y). 


Temnepamypa, °C 


Procedure for measurements.—The thermal contraction of samples at various 
rates of cooling W was studied. The dependence of the glass temperature 
T, on W was determined from curves of | = f(T). Typical curves for the 
change of length of samples with temperature are presented in Figure 2. The 
glass temperature was determined by the intersection of straight lines. 
Measurements were made in a dilatometer, similar to the one described in 
Reference 5 the dilatometer being adapted for low temperatures by changing 
the construction of the bath. The bath used was a hollow aluminum cylinder, 
on which two brass cooling coils were spirally wound. A thin layer of 
asbestos was placed over the coils and a heating coil was wound on for obtaining 
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temperatures above room temperature. The tube of the dilatometer containing 
the samples was placed inside the bath. 

The following system of cooling was used. A copper tube, covered by a 
thin layer of asbestos and wound with Nichrome wire on the lower end, was 
immersed in a 15 liter Dewar flask; the place of entry of the tube into the 
Dewar flask was carefully sealed with vacuum cement. Nitrogen was 
evaporated as a result of heat given off by current passing through the Nichrome 
wire, thus causing the pressure in the Dewar flask to increase, so that nitrogen 
was forced to rise in the tube, and from the tube through connecting rubber 
hose into the brass coils. The hose connections were put on so that the 
nitrogen entered the tubes from different ends of the bath; a more uniform 
distribution of temperatures was thereby attained along the length of the 
dilatometer. By varying the strength of the current, it was possible to 
obtain a larger or smaller flow of nitrogen, a larger or smaller rate of cooling. 

The samples studied were solid cylinders with a length of 50 mm and a 
diameter of 4 mm. The rubber investigated was press cured with not more 
than 2 per cent sulfur. Bekkedahl* has shown that the glass temperature 
of an uncured rubber and that of its vulcanizate at such a percentage of 
combined sulfur do not differ. The change of length was measured with a 
precision of 1.5-2u. The temperature was measured by means of a copper- 
constantan thermocouple, which was inserted in a hole drilled in the sample. 
A copper-constantan thermocouple of diameter 0.05 mm was used so that the 
thermocouple did not interfere with the expansion of the sample. The error 
in measurement of temperature, caused by the thermocouple, was 0.5-1° 
(in different temperature ranges). Depending on the rate of cooling, the 
difference in temperature along the length of the sample equalled 1° at rates 
of cooling up to 15°/minute and 2.5-3.5° at rates above 25-30°/minute. The 
difference in temperature on the axis and on the surface of the sample was 
0.5° at a rate of 3°/minute and 5° at a rate of 30°/minute. 

The gradient of temperature along the cross section of the sample gives 
maximum error in the determination of T,. It is possible to lower this gradient 
by decreasing the thickness of the sample. For a control we examined samples 
of 30 mm length and 2.5 mm diameter; in this case the difference of temper- 
atures on the axis and on the surface of the sample was lowered by a factor 
of 2.5, i.e., it was 2° at a cooling rate of 25-30°/minute. Within the range 
of experimental error (2—3°) the thinning of the sample did not significantly 
affect 7, and hence thereafter samples of 4 mm diameter and 50 mm length 
were studied. 

Reliable contact of the sample with the end wall of the tube of the 
dilatometer on the one side and with the quartz shaft on the other side is 
provided by the pressure of a spring. In our measurements the pressure on 
the sample was 6-18 g, which is equivalent to a pressure of 0.05-0.15 kg/cm”. 
In this range of small pressure the glass temperature was practically unchanged. 

Above T,, when the material becomes elastomeric, the pressure of the 
spring, although indeed very small, causes some compression of the sample. 
Change of the amount of this compression in the process of cooling noticeably 
affected the coefficient of linear thermal expansion. However, upon raising 
the pressure to 0.15 kg/cm? the coefficient of thermal expansion remained 
unchanged, and consequently, in our experiments the pressure of the spring 
did not influence the results of our measurements. 

Results of the measurements.—In order to exclude the effect of previous heat 
history, measurement of the temperature dependence of the length of the 
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sample was carried out with cooling from temperatures of 70-185° above the 
glass temperature of a given rubber. The rate of cooling varied from 
0.3-30°/minute. Upon increasing the rate of cooling the glass temperature 
apparently increased. In Figure 3 the dependence of the reciprocal of the 
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Fie. 3.—The dependence of the reciprocal of the jo tem yer on the rate of cooling 1—SKS-30, 
2—SKN-18, 3—SKN-40. The abscissa reads In W. he units of W are degrees per minute, 


glass temperature on the logarithm of the cooling rate is given; in all cases 
this dependence is approximately linear. The value of the constants C, and 
C2, determined from these graphs is given in Table I (the value of C; is given 
for W, expressed in degrees/second). 


TaBLe I 


THe VALUES OF THE CoNSTANTS C; AND Cz 
Ud/T, 
ket 
Rubber deg.~ deg. Ts, °K Ue, mole Mole -deg. 
SKS-30 4.62 . y 208 30.2 145 


SKN-18 4.41 3. 0: 218 34.0 156 
SKN-40 3.90 : : 246 37.5 152 


As is evident, the ratio of the constants C2/C; = 0.03, which conforms 
to the data of Reference 5. In Figure 4 the relationship between C, and C, 
is given for amorphous substances® (upon heating) and for three rubbers 
(upon cooling). 

It is necessary, however, to consider the good agreement between the data 
of Reference 5 and our data, obtained upon cooling, to be accidental and that 
the linear dependence in Figure 3 to be only approximate. This is evident 
from the following. The difference between the experiments of heating of a 
glass and of cooling of a liquid, i.e., of the processes of softening and of hard- 
ening, consists first of all in the fact that below 7, upon heating of a glass the 
activation energy varies according to a linear law, but above 7, upon cooling 
of the liquid the activation energy varies according to a non-linear law 
(Figure 1). Therefore, upon cooling of the liquid at different rates, the 
activation energies, which lie on Curve 1 (Figure 1), are correlated by different 
glass temperatures. In a narrow range (two orders) of rates of cooling and 
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of glass temperatures the change of activation energy can be approximated by 
a tangent (Figure 1), i.e., by the relationship U = U»’ — 67, where Up’ is 
the intercept of the ordinate by the tangent, and b is the derivative of the 
activation energy with respect to the temperature at 7,%*, which corresponds 
to a certain average rate of cooling in the given interval. 


16 


Fia. 4.—The relationship between the constants C: and C2. O—-plastics and inorganic glasses, *—rubbers. 
The units for C: and C: are reciprocal degrees. 


It is evident that the value Uo’, unlike Uo, does not have a direct physical 
meaning. 

Rubbers above the glass temperature are in a liquid state of aggregation, 
and below 7, they are in a glassy state. From what has been said it follows 
that in our experiments the value U9’ for rubbers is fixed and consequently 
in Formula (1) the constant C2 = 2.3 k/U9’. 

From Figure 1 it is evident that the tangent to point B, which lies above 
the annealing temperature 6, can intercept the ordinate at a value near to or 
coincident with the activation energy U of the annealed glass. This provides 
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Fie. 5.—The relation between “zero” activation energy and standard glass temperature for the same 
substances listed in Figure 4. The units of Uo are kcal per mole. 7,°™ means T,5*. 
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an explanation of the results presented in Figure 5. In Table I is given the 
value of the “zero” activation energy Uy’ calculated from C:. The zero 
activation energy for SKN-40 is larger than for SKN-18, which is to be 
expected. An increase of the number of polar groups increases the intra- 
and intermolecular reactions; hence, the activation energy is increased and 
the glass temperature is raised. From Table I it is seen that U9’ is changed 
in proportion to 7,5* (see also Figure 5). 

The coefficient of expansion a in the vitrified state (below the region of 
glassing) does not depend on the rate of cooling, but it is somewhat decreased 
by lowering of the temperature. The coefficient of expansion in the liquid 
state is also practically independent of the rate (Figure 6). In Figure 6 the 
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Fic. 6.—The dependence of the coefficient of linear expansion a for SKS-30 rubber on temperature. 
1—rate of cooling 7.4; 2—29.7°/minute. 


type of change of the coefficient of expansion during two rates of cooling is 
shown. Comparison of the curves obtained at various cooling rates, shows 
that the location of the region of glassing depends on the rate of cooling. 

In Figure 7 the temperature, T2, at which (within the limits of error) a 
departure of the straight line AC from the experimental curve is already visible, 
was taken as the upper limit of the range of vitrification. The temperature 
T,, at which the departure from the straight line BD is beginning, was taken 
as the lower limit. In Figure 8 the dependence of the temperature 7; and 7, 
and of the width of the glass region on the rate of cooling is shown. Of 
course, the limits of the region and the magnitude of the same glaas region are 
conditionally established by the method indicated above, but in the given 
case the trend of the change of these values is important, and Figure 8 displays 
this graphically. The upper limit of the glass region moves to a higher 
temperature upon increasing the rate of cooling and, as is evident from Figure 8, 
it equals —42° for SKS-30 at a rate of 30°/minute and —59° at a rate of 
0.3°/minute. The lower limit of the glass region also increases upon increasing 
the rate. Such a character of change is consistent with the conclusions of 
Reference 1 where it was also shown that the magnitude of the glass region 
must increase with an increase in rate of cooling. However, from Figure 8 
it is apparent that upon increasing the rate, the magnitude of the same region 
remains approximately constant. Such inconsistency can be related, in the 
first place, to the fact that the determination of the glass region in Reference 1 
and as carried out by us are not equivalent, and, in the second place, to the 
fact that we used a small region of change of glass temperature. 
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Upon comparison of the expansion curves it appeared that although the 
magnitude of the temperature range of glassing was not changed, nevertheless 


the “break” of the length of the sampleJin the glass region increased with 
increase of rate; this is evident from Table II. 


Fic. 7.—Scheme for the determination of the 
temperature Te of the glass region. The 
ordinate reads Al, the abscissa temperature. 
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Fic. 8.—Dependence of the upper (72) and 
ower (7) limite of the glass regen of SKS-30 
rubber on the rate of cooling. W units are degrees 
per minute. 
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The break in the length is associated with the fact that during cooling 
above the glass region the structure can rearrange completely, so that the 
change of the length is associated with repacking of the molecules with simul- 
taneous change of their mutual arrangement and of the distances between 
them. Below the glass region the structure remains in its previous state; 
repacking of the molecules does not occur; and the length of the sample is 
changed only at the expense of the change of distances between molecules. 


II 
CHANGE or LENGTH oF SAMPLES AT Various Rates or CooLING 


The “break in the length of samples in standard units 9 125 15 
Rate of cooling degrees per minute 3.5 10 25 
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When the curve of expansion below 7’; is known (Figure 7), it is possible from 
the ‘‘break” of the line CE, to separate the part DE, which is associated with 
the change of intermolecular distances. Then the remaining part CD is 
associated with the change of structure in the glass interval. The values of 
the “structural” part of the jump of the line during various rates of cooling 
of SKS-30 is presented in Table II. 


SUMMARY 


1. The thermal shrinkage was measured for three rubbers (SKS-30, SKN-18, 
SKN-40) in the temperature interval —180 to +50° at rates of cooling of 
0.3 to 30°/minute. 

2. The dependence of the glass temperature on the rate of cooling approxi- 
mately obeys Formula (1), for which the constants C, and C2 were determined, 
whereupon C: = 0.03 C;, regardless of the type of rubber. 

3. The activation energy of the glassing process for the rubbers studied, 
as indeed for other amorphous substances, is proportional to the glass temper- 
ature of the substance. 

4. The width of the temperature interval of the glass region and the 
coefficient of expansion beyond the limits of the glass region are practically 
independent of the rate of cooling. 

5. The greater the rate of cooling, the greater the change of length of the 
sample in the glass region and the higher on the temperature scale the same 
region is located. 
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DYNAMIC VITRIFICATION AND THE ACTIVATION 
ENERGY OF RUBBERY POLYMERS * 


G. M. BarTENEV AND V. D. ZaiTseva 


Screntiric Resgsarcn Instirure FoR THE Russer Inpustry, Moscow, USSR 


Dynamic vitrification (brittleness) is the principle factor which determines 
low temperature behavior of both cured and uncured elastomers'~*. Static 
vitrification, detected by measurement of the temperature dependence of the 
physical properties of polymers at cooling rates generally employed, occurs 
at lower temperatures than dynamic vitrification. Therefore, it does not have 
a direct relation to low temperature behavior. The difference between these 
kinds of vitrification (dynamic and static) was examined earlier’. 

High elasticity is a mechanical property of amorphous elastomers and can 
appear only upon application of a mechanical force. The nature of dynamic 
vitrification consists of the loss of viscoelastic properties with an increase of 
the frequency of the periodic stress or with a decrease of the temperature, 
and of the conversion of the material into a stiff elastic or glassy condition. 

Up to now vitrification during periodic deformation has been investigated 
on an occasional rubber, but this did not permit the elucidation of the 
mechanism and the role of the activation energy of dynamic vitrification of 
polymers generally. The activation energy of molecular rearrangement is the 
most important physical quantity associated with the structure of a substance 
since it determines relaxation processes, and therefore also the glassing process 
in polymers. In References 6 and 7 the results of a systematic investigation 
of the structural softening and glassing of low and high molecular weight 
glasses show that the glass temperature is closely associated with an activation 
energy and that as the glass temperature rises, the activation energy char- 
acterizing the given substance also is higher. In connection with this a further 
study of dynamic glassing of a wide variety of rubbers is of interest and we 
report the results of just such a study in this paper. 

Relation between the glass temperature and the deformation frequency.— 
The coefficients of resistance to vitrification, K, and the temperature, 7x, 
corresponding to it, characterize the transition from an elastomeric to a stiff 
solid, i.e., these quantities characterize the resilient state and are used for 
evaluation‘ of the properties of resistance to vitrification of cured and uncured 
rubber. The coefficient of resistance to vitrification is equal to the ratio, 
e/€, Where ¢ is the amplitude of deformation observed at low temperature 
and ¢, is the amplitude of deformation measured at high temperatures 
(usually 20°) at which the amplitude reaches the maximum value and hardly 
changes with an increase of temperature. 

Aleksandrov and Lazurkin suggested a formula that relates the temperature 
corresponding to half of the elastomeric deformation which is related (K = 0.5) 
to the frequency of the external force. An analogous expression (Equation1) 

* Translated by M. P. Dreyfuss and P. Dreyfuss for Russer Cuemistry AND TecHNoLoGcy from 
Vysokomolekulyarnye Soedineniya 1, No. 9, 1309-18 (1959). 
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for the glass temperature, 7,, the temperature at which the deformation 
changes least with temperature, was formulated by one of the authors® as 


1 
7,73 -Clne (1) 


where w is the circular frequency, and B and C are constants (the value of B 
depends on the choice of units, in which the frequency is measured). The 
coefficient K = 0.58 0.6 corresponds to the temperature at which an 
inflection is observed on the ¢ versus 7 curve. Therefore, T, = To.6. Since 
this temperature, at which the loss of high elasticity (40%) is not sufficiently 
low for rubbery features to disappear, it is only of theoretical interest. 
Practically, the transition of the rubber into the glass state can be characterized 
by the temperature (7'o.1) at which a tenfold loss of high elasticity occurs. 
The coefficient of resistance to low temperature, computed from the model 
of Aleksandrov, is related to the frequency w and to the relaxation time 7, as 


follows: 
& 1-K 
~~ K? — 


(2) 


where Ep is the modulus of linear elasticity in the glass state and E,, is the 
modulus of linear elasticity in the elastic state. 

The fraction Z,,/E) = 0.001 is almost always a small correction, since the 
minimum value of K, which can be measured reliably is 0.01. If the correction 
is ignored, we obtain 

1 


wr = =8 (3) 


Since r = rt) exp (U/RT), where U is the activation energy of rearrangement 
of the segments of the chain, R is the gas constant, ro is a constant, approxi- 
mately equal to 10~” second and if we let T = 7, we obtain: 


where 7; is expressed in °K, B, and C are constants, B depending and C not 
depending on the coefficient of resistance to low temperature. The previous 
results of the change of the resistance to low temperature of three rubbers 
(NK, SKS-30, SKN-26) agree with this formula‘. 

When speaking of ro it is necessary to understand the time which is approxi- 
mately equal to the period of vibration of the segments relative to the variable 
equilibrium position. For atoms of simple liquids ro = 10~" see, for segments 
of rubber owing to the larger mass, the period of vibration is greater (10—" sec). 

Method and results.—Glassing of polymers (brittleness) was studied on the 
Aleksandrov-Gaev apparatus as modified in the Research Institute for the 
Rubber Industry. The advantage of this apparatus compared to the earlier 
model! ? is that a smooth changing and a regulation of the load during operation 
is possible. The experiments were carried out at frequencies of 0.1, 1.10, 100, 
1000 vibrations/minute. Samples of cylindrical form (diameter 8 mm, height 
10 mm) were subjected to periodic deformations by a compressive force, equal 
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to 20 standard units of the scale of measurements, which corresponded to a 
load of 1.8 kg. Since the resistance to low temperature does not depend on 
the amplitude of compression‘, it was measured at only one load. The experi- 
ments were carried out in the interval from —80° to +80°, which was provided 
by removable heating and cooling cells. The temperature was detected by a 
Chromel-Copel thermocouple whose junction was placed in the samples 
(accuracy of measurements 0.5°). 

The measurement was made after slow cooling at a rate of 30-40° per hour 
to a temperature of 20-25° below the temperature of static glassing of the 
polymer where it was held long enough (30 minutes) to achieve temperature 
equilibrium throughout. After this the test was carried out at 5-10° intervals 
of temperature under conditions of thermal equilibrium. 


° 
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Fia. 1.—The temperature dependence of the amplitude of deformation (ordinate, in standard units) 
at a fixed amplitude of tension for SKN-26 at five frequencies: 1—0.1; 2—1; 3—10; 4-100; + T00) 
vibrations/minute. 


In order to insure the stability of the results before the test the samples 
of the polymeric material were subjected to dynamic conditioning at room 
temperature and at a periodic compression deformation at a frequency of 10 
vibrations/minute with an impressed amplitude that was 2.5 times greater 
than the one used in the measurements. 

As the experiments showed, the mechanical conditioning not only decreases 
the scattering of the data, but also slightly shifts the curve of deformation; a 
temperature shift to lower values occurs. 

The investigation was carried out on nitrile rubbers (SKN-18, SKN-26, 
SKN-40), butadiene-styrene (SKS-30, SKS-50), sodium butadiene (SKB), 
natural (NK smoked sheet), methylvinylpyridine (MBPK) rubbers and 
fluoro rubber (SKF). The rubbers were vulcanized with 1.5-2% sulfur. 
This amount of added sulfur did not significantly change the glass temperature. 
The fluoro rubber was vulcanized with benzoyl peroxide (1.4%) 
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Fic. 2.—The temperature dependence of the coefficient of low temperature resistance of 
methylvinylpyridine rubber at five frequencies (for symbols see Figure 1). 
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Fic. 3.—The temperature dependence of the coefficient of low temperature resistance at a frequency 
of 10 vibrations per minute for different rubbers: /—MVPK; 2—NK; 3—SKS-30; 4—SKN-18; 5—SKB; 
6—SKN-26; 9—SKF. 
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The results for SKN-26 are presented in Figure 1. The dependence of 
amplitude of deformation in the elastomeric region on frequency is noteworthy ; 
apparently it is associated with a collection of relaxation times (instead of 
with one relaxation time as in the model of Aleksandrov). A similar depend- 
ence is the most pronounced for polar rubbers (SKN, SKF). 
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Fic. 4.—The relationship between the yy temperature of low temperature resistance and the 
logarithm of the circular frequency for the rubber SKN-26 at different values of the coefficient of low 
temperature resistance K, indicated on the figure. 
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Fia. 5.—The relationship between the reciprocal temperature of low tem ture resistance at K = 0.6 


and the logarithm of the circular frequency for different rubbers (symbols the same as those in Figure 3). 
The abscissa for Figures 4 and 5 is In w’/sec. 


Equations (1) and (4) are derived from the simple mechanical model. 
Therefore, the formulas presented are not rigorous, but they are more exact 
at smaller K values. 

€. enters into the original Equation (2) through the ratio K = €/e., 
therefore, henceforth the results are plotted using coordinates K versus T. 
The data at five frequencies is presented in Figure 2 for MVPK, and at one 
frequency in Figure 3 for all the rubbers studied; from these graphs it is 
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evident that the temperatures of the resistance to glassing (low temperature 
resistance) of commercial rubbers are different up to 60°. 

The relationship between the reciprocal temperature, 1/7,%, and the 
logarithm of the circular frequency at different coefficients of low temperature 
resistance for one rubber is shown in Figure 4. 

In Figure 5 the analogous dependences are presented for different rubbers 
at K = 0.6. Equation (4), as is evident, is not well fulfilled for all rubbers. 
For example, for MVPK and NK at the highest frequency the points fall 
below the line. 


DISCUSSION OF RESULTS 


The deformation of molecular chains under the action of external forces 
occurs by way of orientation and shifting of segments. When these occur 
the potential barrier inhibiting free rotation of the segments of the chain is 
overcome. The value of these barriers (i.e., the energy of activation) depends 
on the structure of the chains and on the magnitude of the intermolecular 
interactions. 

TaBLe I 
CHARACTERISTICS OF PoLyMeRS DurinGc DyNamic AND Static GLassinc* 


TDy., °K A, T,5, °K 
, w = 0.014 UDyn, U, eal/deg a‘10-*, atw =3 USst, 
deg/sec kcal/mole kcal/mole ol deg deg/min kcal/mole 
14.1 71 204 
57 203 
216 
85 225 
90 225 
88 
90 
16 
47 


Ot 


237 
243 
250 
265 


* The numerical values of the constant B are given for circular frequencies, expressed in radians ‘second. 


0. 
0. 
0. 
0. 
0. 
0. 
0. 
1 
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Since dynamic glassing occurs in the liquid like structural condition of the 
polymer’ it is necessary to take into consideration the fact that the energy of 
activation varies with increasing temperature not only as a consequence of 
the volume expansion but also as a result of the change of the equilibrium 
structure. The temperature dependence of the activation energy of molecular 
rearrangement in low-molecular weight substances in the liquid state is 
suggested by Shishkin®: 

U = ATe'T (5) 


where A, @ are constants. 

In Reference 7 7, measured at a rate of heating (cooling) of 3°/minute 
was taken as the standard temperature of the structural hardening (glassing). 
This temperature corresponds to a time of relaxation r 10? second. 

During frequency reactions the standard temperature of the transition 
into the solid condition can be determined from Equation (3) in an analogous 
way. At 7 => 10? seconds and K = 0.58, 8 = v2 and w, 0.014 radian/second. 
Therefore the standard temperature of glassing 7.0. is determined at this 
frequency (Figure 5). Henceforth, in view of the fact that 7.0. corresponds 
to the point of inflection, we shall define 7,°¥" as the standard glass 
temperature. 


C-10 
Rubber deg deg— 
MVPK 4.36 104 
NK 4.29 
SKS-30 4.07 7 
SKN-18 3.98 6 
SKB 3.80 5 
SKN-26 3.86 5 
SKS-50 3.75 8 
SKN-40 3.70 2 
SKF 3.52 2 
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In Table I the standard temperatures of static glassing, 7,5', and of dynamic 
glassing, 7',2¥", for the rubbers investigated are presented. 

The standard temperatures of static glassing are determined by us from 
the dilatometric curves upon cooling at a rate of 3° per minute at the inter- 
section of the linear dependences of the higher and lower glass temperatures 
observed. The glass temperature determined in this way approximately 
corresponds to the temperature at which the coefficient of expansion is changed 
most sharply. 


0 


Fia, 6.—The temperature dependence of the activation energy: 1—of the liquid; ?—of the glass 
with structure fixed (schematic drawing). on this figure means 


The dependence of the activation energy on temperature in the general 
form U = U(T) can be represented in a small interval of temperature 
(Figure 6) by the linear dependence (expanded in a Taylor series with reference 
to the standard glass temperature) : 

+ (3) (T — T,) (6) 

Upon designating the sum of the constant terms by Uo’, and the coefficient 

at the absolute temperature by }, we obtain: 


—bT 
where 


au 
b= (3 (7) 


In the coordinates 1/T, versus w the experimental data lie on a straight 
line (Figure 5), which is possible, if, in the interval of the frequencies 
investigated, the activation energy is closely approximated by a linear function 
of temperature. 

Substituting Equation (7) in the equation for the relaxation time r leads 
to the following values for the coefficients in Equation (4): 
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Upon assuming K = 0.58 (8 = v2), the expression for the coefficients in 
Equation (1) are obtained: 


+ In 


B=C(555 


), C = 2.3R 


Coefficients B and C, found, respectively, at In w = 0 and from the slopes 
of the straight lines (Figure 5), are presented in Table I, where the “zero” 
activation energy Uo’, calculated from the coefficient C for the different 
rubbers is also given. 

The difference between the activation energy Uo discussed in Reference 7 
and the extrapolated value U ’ is evident in Figure 6. The former has a 
definite physical meaning—the activation energy of glassed rubber as T — 0. 


Fic. 7.—The relation between the extrapolated activation energy (see Figure 6) and the temperatures 
of dynamic and static glassing of amorphous substances: /—dynamic glassing of rubbers according to our 
data and of polystyrenes according to the data of Reference 7; 2—static glassing of rubber according to 
the data of Bartenev and Gorbatkina; of plastics and of inorganic glasses according to the data of 
Reference 7. The abscissa reads T,D¥*, 7,8*. 


The dependence between Uo’ and the temperature of dynamic glassing of 
rubbers is presented in Figure 7 where the dependence between U» and the 
static glass temperatures of different amorphous substances according to the 
data in References 7 and 8 is given. 

Considering that = sec, r = 107? sec at T = then from 
t/to = exp (U/RT) we find the expression for activation energy at the 
mechanical glass temperature: 


= (8) 


200 400 600 800 1000 °K 
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whereupon a & 64 cal/deg mole. The position of structural glassing also has 
an analogous relationship’ : 


ais aT,** (9) 


The activation energies U?¥" and U** also given in Table I are determined 
according to Equations (8) and (9). 

The following differences which lead to the non-coincidence of the static 
glass temperatures (Table I), exist between dynamic and static glassing. 
The discrepancy amounts to 16-25° for freeze-resistant rubbers and to 11-14° 
for non-freeze resistant rubbers. 

The relatively high dynamic glass temperature compared to the static 
glass temperature leads to the conclusion that the energy barrier due to 
mechanical shifting of chains is more than the barrier due to heat motion. 
This difference is explained, apparently, by different sizes of segments of 
chains due to deformation under the action of mechanical forces and due to 
heat motion. Upon mechanical action it is necessary to add large corrections 
corresponding to the difference between mechanical and structural activation 
energies, UP¥" = Ut, to the segments of chains (see Table I). 

This leads to the conclusion that the character of the random motion of 
the members of the chain in the thermal field is distinguished from the directed 
shifting of the members of the chain of the induced exterior mechanical forces. 

The data obtained permits the determination of the constants A and a in 
Equation (5) for different rubbers. The substitution of (5) in (6) leads to 
the expressions, which relate the constants A and a with the Uo’ determined 
from experiment and with the calculated value 


b = (Ug — = — a): 


A = ac — a/T,?™ 


The numerical values of the constants are presented in Table I, and in 
Figure 8 the dependences of the activation energies according to the formulas 
of Shishkin are presented for all the rubbers. The curves in Figure 8 pertain 
to the liquid state of the polymer and permit the understanding of the cause 
of the increase of Up» with the decrease of the resistance to brittleness of the 
rubber (Figures 7, 1). 

In Figure 8 the straight line, corresponding to the dependence of the 
activation energy U¥* on the standard glass temperature is plotted. The 
points of intersection of the straight line with the curves correspond to the 
standard glass temperatures of the rubbers. The higher the 7,2 of the 
rubber, the steeper the tangent passing through the point of intersection. 
Therefore, the intersection of the tangent on the ordinate, equal to U9’, will 
be greater when the brittleness of the rubber is less. Hence, it is clear, that 
the ratio C/B cannot be a constant value as in the case of static softening’. 
From the data of Table I it follows that C/B changes from 0.028 to 0.015 
according to the degree of transition to non-brittle rubber. 

From the differences of temperatures and of energies of activation of both 
forms of glassing it follows that the rate of the dynamic processes of stress 
relaxation, of elastic deformation and of recovery at the same temperature 
is smaller for the establishment of an equilibrium structure. Hence in static- 
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Fic. 8.—The temperature dependence of the activation energy of various rubbers in the liquid state 
of aggregation (symbols 1-9 as those in Figure 3) and of low-m weight liquids: 10—orthophosphoric, 
14 adete acids (according to Shishkin). The ordinate reads kcal/mole. 


strained conditions, for example in the case of sealing gaskets, upon cooling, 
first the elastic deformation and afterwards the structure becomes brittle. 

At low temperatures rubbery gaskets lose air tightness owing to the 
temperature contractions of brittle rubber. The temperature of loss of air 
tightness depends on the rate of elastic recovery of the rubber, which acts in 
the opposite direction. According to the data of the physics laboratory of 
the Scientific Research Institute of the Rubber Industry, the temperature of 
the loss of air tightness of the majority of rubbers lies not lower but higher 
than the static glass temperature by 5-10°. 

This result can be understood, if the observed higher difference between 
the rate of elastic recovery and the rate of establishment of the equilibrium 
structure is taken into account. 


SUMMARY 


1. The resistance to brittleness of a wide variety of rubbers was studied 
by the method of periodic deformation. 

2. Dynamic glassing, during which transition from the highly elastic into 
the brittle state is observed, always occurs in the liquid state of aggregation 
of a polymer, where the activation energy of molecular rearrangement changes 
with temperature according to an exponential law. 
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3. In a small temperature interval the change of the activation energy can 
be approximated by a linear law; consequently, Equations (1) and (4) 
expressing the dependence of the temperature of transition of the rubber into 
the brittle state on the frequency of deformations are satisfied approximately. 
The constants entering into these equations and their relationship to the 
activation energy are determined. 

4. The activation energy of dynamic glassing is directly proportional to the 
glass temperature of the polymer and is greater than the activation energy of 
static glassing by approximately 5-10%, consequently the rate of establishment 
of the equilibrium structure is greater than the rate of stress relaxation or the 
rate of development of elastomeric deformation. 

5. The relatively high activation energy of dynamic in comparison with 
static glassing is caused, apparently, by the larger size of the segments of the 
polymer chain during mechanical action compared to the size during free 
thermal motion. 


REFERENCES 


1 Aleksandrov, and Lazurkin, Yu. C., Fiee. Tekh. Fiz. 9, 1949 (1939). 
Lazurkin, Yu. ekh. Fiz. 9, 1261 (193 
2 Bartenev, G. M., Akad. Nauk SSSR ne, 805 1956). 
4 Bartenev, G. M., Ratner, 8S. B., Novikova, N. M., and Konenkov, K. 8., Khim. Prom., No. 4, 32 (1954). 
5 Bartenev, G. a Doklady Akad. Nauk Wien 373 (1949). 
* Shishkin, N.I ., Zhur. Tekh. Fiz. 26, 1461 (1956 
7 Bartenev, G. M 


., and Luk’yanov, i A., Zhur. Vis. Khim. 29, 1486 (1955). 


7 
7 
4 
i 
i 


DEGRADATION OF RUBBER BY CHEMICAL 
AGENTS IN SOLUTION * 


G. H. Foxiey 


Sreruinc Mouipine Mareriats Lrov., ENGLAND 


INTRODUCTION 


It is well known that a small quantity of an alcohol, preferably methyl 
alcohol!., or other polar substance, which is not sufficient to cause precipitation, 
will reduce the viscosity of solutions of natural rubber in benzene or toluene**.°. 
The polar substance reduces the intermolecular attractions between the 
molecules due to oxygen containing groups such as carbonyl and hydroxyl, 
formed by oxidation during the processing of the latex®. It is, however, a 
general principle that the addition of a nonsolvent to a polymer solution 
reduces polymer-solvent interaction and the polymer chains tend to coil up 
instead of being extended, resulting in a decrease in the viscosity of the solution. 
Mineral acids such as hydrochloric acid’:* and organic acids such as acetic, 
chloracetic and benzoic acids’’® also reduce the viscosity of solutions of natural 
rubber. Sulfinic!’ and sulfonic" acids assist the dissolution of rubber in 
benzene and toluene but it has been shown that in the presence of oxygen the 
former class of compound causes degradation of the rubber and a free radical 
mechanism has been proposed’. Although ammonia causes slight increases 
in the viscosity of rubber solutions’, amines reduce the viscosity of solutions 
of smoked sheet rubber but do not appreciably affect solutions of deproteinized 
rubber, indicating that fission of the hydrocarbon chain is not responsible for 
the observed lowering and suggesting that the proteins present in smoked 
sheet rubber (about 5 per cent) react with the amines in some manner. Imoto™ 
has examined the action of several amines and found that the activity increased 
with increase of basicity of the amine, furfurylamine being the most effective 
amine tested. The activation energy for the change in the case of smoked 
sheet rubber was found to be 16 keal per mole. Strong bases such as 
piperidine can also act by reducing intermolecular attractions of oxygenated 
groups. These phenomena are not due to scission of the polymer chains and 
will not be further considered. 

Prolonged heating of solutions of natural rubber in chlorobenzene in vacuo 
at temperatures within the range 25° to 220°C, causes degradation of the 
rubber, the activation energy for the process being 15.9 + 0.5 kcal per mole, 
and Watson" concludes that there is one weak bond or link for every 1.8 X 10* 
monomer units. Shimada'®, however, found that there was no marked 
decrease in viscosity of rubber solutions below 70° C, a result which hasbeen 
confirmed by others!’'* and we may conclude that in low temperature experi- 
ments thermal degradation of the rubber can be ignored. Chain scission is, 


* Reprinted from the Proceedings of the Institution of the Rubber Industry, Vol. 8, pp. 63-72 (1961). 
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however, brought about by the addition of small quantities of substances 
which cause degradation by free radical mechanisms in which oxygen may or 
may not participate and these compounds are dealt with in the following 
sections. 


COMPOUNDS ACTIVE ON POLYMER SOLUTIONS 


Thiols, R-SH.—The aliphatic thiols have not been widely investigated but 
Montu"” has shown that tertiary aliphatic thiols do not reduce the viscosity of 
rubber solutions; dodecyl mercaptan causes degradation of SBR rubber in 
toluene solutions when oxygen is present”. Aromatic thiols have been the 
subject of a great deal of work and their use as agents for lowering the viscosity 
of rubber solutions has been known for some time”. Montu’ examined 
several aromatic and heterocyclic thiols and found that 2-thionaphthol and 
xylyl-thiol were most active, 2-mercaptobenzothiazole was less effective and 
2-mercaptobenziminazole was inactive. The zinc salts of 2-thionaphthol and 
2-mercaptobenzothiazole are also active. 

It is clear from the above examples that the presence of an -SH group is not 
the only factor which decides whether or not a compound will act as a peptizer; 
the structure of the rest of the molecule plays an important part. Kimijima”* 
has studied the relationship between structure and activity of ortho substituted 
thiophenols and finds the effect of the groups in order of decreasing efficiency 
as plasticizers to be: CH; > OH > CH;0 > Cl > NO. > NHz. The effect 
of an ortho nitro group is greater than that of a meta or para nitro group and 
2-thionaphthol is slightly more effective than 1-thionaphthol. 

The activation energy for the degradation of smoked sheet rubber by 
thiophenol and furfuryl mercaptan in benzene solution is 23 to 24 kcal per 
g mole, whereas that for the degradation of deproteinized rubber by 
2-thionaphthol in toluene solution is 24 keal per g mole*. These results show 
that the degradation is not due to any interaction of protein with thiol and 
the low value of the activation energy suggests a free radical process; calculation 
of the number of scissions per rubber molecule showed it to be one. Imoto 
concluded that the rubber undergoes radical decomposition since the activation 
energy does not depend on the thiol used and proposed a mechanism involving 
scission of the rubber molecule by the thiol and by thiyl radicals produced 
when the thiol acts as a hydrogen donor towards rubber radicals. Such a 
scheme cannot be a complete explanation since it does not take into account 
the important role of oxygen. 

The presence of oxygen is necessary for thiols to be active in lowering the 
viscosity of rubber solutions'®*.*5, although there is some evidence of action 
under nitrogen**. Hydroquinone inhibits the action of thiophenol in the 
presence of air suggesting that plasticization of rubber is related to the autoxi- 
dation of thiophenol™; a thiophenol peroxide has been detected but not 
characterized”*, Kheraskova and Gamayunova, on the basis of kinetic 
measurements conclude that oxidation of thiol to disulfide and oxidation of 
rubber are conjugate reactions. It is possible that thiolperoxides are first 
formed which then attack the rubber chain at the allylic methylene groups 
with formation of thiyl radicals and rubber hydroperoxides. The former will 
combine to form disulfides whilst the latter decompose according” to the 
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following scheme’ :— 
OOH 


R—CH—CH—CH—R’ 


O. 
R—CH—GH—CH—R’ 


Chain scission 
R—CH=CH—CHO + R’. 
R”SH 
R'/H + R’S. 
Combination in pairs 
R”S—SR” 


Thiols readily act as hydrogen donors towards free radicals and are widely 
used as modifiers (chain transfer agents) in polymerization recipes. Addition 
of the thiol to the double bond of the monomer and formation of disulfides 
also take place during polymerization®* by a chain reaction involving thiyl 
free radicals, produced by the reaction between a peroxide and the thiol”. 
Under peroxidic conditions thiophenol, isopentane thiol and thioglycollic acid 
add on to the double bonds in squalene but not those in natural rubber”. 
Thioglycollic acid, however, adds on exothermically to butadiene polymers 
and copolymers in benzene solution to give apparent double bond saturation 
values of about 40 per cent. The same result is found when aliphatic thiols 
react with the rubber and it is suggested that it is the vinyl side chains pro- 
duced by 1, 2 addition which react*". As natural rubber has no such side 
chains, lack of reactivity is not surprising although with more polar addenda 
such as thiolacetic and halogenated thiolacetic acids in the presence of a 
peroxide, addition readily takes place*. 

Sulfur inhibits the action of thiophenol™, thionaphthol'® and xylylthiol'*: 
one atom of sulfur per 20 molecules of the latter two substances causes total 
inhibition. Selenium and tellurium also act as inhibitors. Sulfur also 
inhibits the polymerization of vinyl compounds*™, in the case of styrene by 
reacting with the growing polymer free radicals to form, initially, a polymer 
molecule containing 8 atoms of sulfur**. Some such process may account for 
the inhibiting action of sulfur, the sulfur-containing radical reacting with 
another polymer radical as in the scheme :— 


P’. + P’Ss- 
P'S, - + Pp”. ; P’S,P”’ 


rather than with the thiol :— 
P’S,: + RSH ———> P’S,H + RS. 


Furfurylamine increases the activity of thiophenol and furfuryl mercaptan 
if present in low ratio but in high ratios the decrease in viscosity is less than 
for thiol alone*®; Montu, however, found that dibutylamine and stearylamine 
retard plasticization’®. Amines such as pyridine, dimethylaniline, furfurly- 
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amine and dibenzylamine reduce the visocity of solutions of smoked sheet 
rubber but do not affect deproteinized rubber solutions. Such effects will 
tend to mask the effect of amine on the thiol-rubber reaction. Imoto —— 


that small amounts of amine increase the hyperconjugation of the 


3 
group promoting a rearrangement of electron pairs of the double bond enabling 
the rubber chain to break. Large amounts of amine cause the thiol to dis- 
sociate into ions (instead of radicals) which add on to the double bond and the 
rubber molecule is unbroken. Saturation of the double bonds in this manner 
would give the molecules greater flexibility but only a small reduction of the 
viscosity of a solution would be expected. 

Disulfides, R-S-S-R.—Disulfides are formed by the reaction of thiols with 
rubbers in solution (see previous section) and it is of interest to know whether 
or not they themselves have any action on the rubber. No viscosity lowering 
by 2,2’-dinaphthyl disulfide'® and other disulfides*® has been detected but 
2,2’-benzothiazolyl disulfide has some slight action’. 

Imoto and Kiriyama***’** have studied the degradation of natural de- 
proteinized and synthetic rubbers by a number of diphenyl disulfide derivatives 
and noted the effects of oxygen, furfurylamine and benzoic acid. The magni- 
tude of the lowering of the viscosity in the case of deproteinized rubber was 
much less than in the case of natural rubber indicating that the protein has 
some effect on the reaction. The activation energy for the reactions were 
found to be as follows®* :— 

Activation energy, keal per mole 


Dipheny] disulfide derivative Natural rubber Deproteinized rubber 
oo'diamino 7.0 13.0 
pp'diamino 9.4 12.6 
oo'diacetamido 6.3 11.0 
oo'dibenzamido 5.8 9.4 


The authors interpret their results in terms of electromeric and resonance 
effects on the dissociation of the disulfides. There is still appreciable lowering 
of the viscosity of rubber solutions by 2,2’-dibenzaminodiphenyl disulfide in 
the absence of oxygen which is in agreement with its behavior as an aid for 
the mastication of natural rubber at low temperatures and the authors conclude 
that scission of the polymer molecule does not always go via the hydroperoxide; 
scission by direct attack by free radicals is possible. The action of tetramethyl- 
thiuram disulfide on polyvinyl chloride*® appears to be an example of this 
latter mechanism. 

The presence of inorganic or benzoic acids reduces the effect of 
2,2’-dibenzaminodiphenyl disulfide on natural rubber solution and large 
amounts of furfurylamine retard its action on SBR and neoprene rubbers”, 
but the effect is not as marked as in the case of natural rubber**. In general 
the order of ease of degradation is found to be:—polyisoprene > polybutadiene- 
styrene >polychloroprene > polybutadiene-acrylonitrile. 

Certain disulfides are capable of initiating the polymerization of various 
monomers” *!-42.43.44 hut under other conditions they can retard polymerization®. 
During the degradation of rubbers in solution, the disulfides presumably 
dissociate to give free radicals which abstract hydrogen from the rubber 
molecule to produce a rubber free radical which then breaks down into smaller 
chains, with or without the intervening step of peroxide formation according 
to whether oxygen is present or not. No mention is made in published work 
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of special precautions to exclude light from the experiments reported and 
photolysis of disulfides to give free radicals which is well known***- could be 
a complicating factor. Tetramethylthiuram disulfide accelerates the photo- 
chemical depolymerization of natural rubber“ and irradiation of solutions of 
polybutadiene containing thiols or disulfides causes cis-trans isomerization if 
the initial cis content is greater than 10 per cent of the total 1,4-structure™. 

Peroxides, R-O-O-R.—Imoto and Kiriyama®™ have shown that squalene, 
which is a polyisoprene containing six isoprene residues, is degraded by benzoate 
free radicals with the production of isoprenediol benzoate, so that scission 
must have occurred at CH2—-CH; links. 

The degradation of solutions of natural rubber by benzoyl! peroxide is 
well known!®-5?.53.54, and Imoto* has found that the activation energies for the 
reaction with natural and deproteinized rubber are 28 keal per mole, and 
27 keal per mole, respectively. The rates of reaction were greater than the 
rate of decomposition of benzoyl peroxide in the presence of limonene which 
is di-isoprene®. 

Other workers®* have obtained a value of 26 kcal per mole, for the activation 
energy of the rubber-peroxide reaction, which is almost the same as that for 
the decomposition of benzoyl peroxide in rubber solution (25 kcal per mole). 
They conc’ude that each radical generated from peroxide causes not more 
than one-decomposition of the rubber. Benzoyl peroxide does not cause 
degradation of SBR in tolune solution in the absence of oxygen”. 

The reaction between 3,5-dibromobenzoyl peroxide and natural rubber 
has also been investigated both in air and in nitrogen and the effect of furfuryl- 
amine has been noted®*’. The bromine contents and viscosity-average molecular 
weights of the degraded rubber were determined and the number of dibromo- 
benzoyloxy groups per molecule of rubber was calculated (see Table). 


Tue Resutts or Imoro anp KirryamMa®? 


I 
air with In sanamn with 
Condition of reaction In air furfurylamine nitrogen furfurylamine 
Br content of degraded rubbers 2.69% 0.72% 0.069% 0.067% 
Mol wt. of degraded rubbers* 100,000 109,000 185,000 144,500 


No. of benzoyloxy groups per rubber 16.8 4.9 0.8 0.6 
* Mol wt. of rubber used 250,000. 


Compounds containing nitrogen.—Shimada® has divided organic accelerators 
and related compounds into three classes based on viscosity measurements of 
natural rubber solutions in the absence of air and light. 

Class 1. Very little drop in viscosity after 270 minutes, e.g., p-nitroso- 

diphenylamine (a retarder). 

Class 2. Sudden drop followed by slow and gradual drop, e.g., diphenyl- 
guanidine, di-o-tolylguanidine, triphenylguanidine and other basic 
accelerators. 

Class 3. Gradual lowering, more pronounced than Class 1, e.g., nitroso- 
benzene, p-nitrosophenol, and poly-nitrobenzenes. 

The action of Class 2 compounds is a result of interaction with the protein in 
the rubber, whilst the action of Class 3 compounds follows the equation® :— 


No — = klogt 


where 9. = viscosity of rubber solution without accelerator. 
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m. = viscosity of rubber solution with accelerator after time t and k = a + bt 
where a and 6 are constant. This equation is of the same form as that 
describing the lowering of the viscosity of rubber solution by heating"®. 

N-Nitrosamines and p-nitroso-diarylamines are effective inhibitors of the 
polymerization of vinyl compounds®™ and presumably act as radical acceptors. 
1-Nitroso-2-naphthol reduces the viscosity of rubber solutions’ as might be 
expected from its activity as a mastication aid™®:*, The action of N-nitroso- 
diphenylamine has been investigated by the author'’; the reaction has first 
order kinetics with respect to the nitrosamine concentration. Oxygen is not 
necessary for this reaction, or the similar reaction with N-nitrosopiperidine'’. 
Raw rubber becomes thermoplastic when boiled with nitrobenzene for several 
hours®; aniline is formed indicating that the reaction is an oxidation. 

Butyl nitrite undergoes homolysis in rubber solutions; the free radicals 
produced dehydrogenate the rubber and the rubber radical so formed undergoes 
oxidative degradation. The following scheme is put forward by Furukawa 
and Nishida®: 

BuONO ———> BuO- + NO- 
RH + BuO.———> R- + BuOH 


R- + R- --- NO ROO- + NO- 
R-+ 0; —» + Decomposition. 


Phenylhydrazine lowers the viscosity of sodium butadiene rubber when 
solutions in xylene are heated at 110° C; hydrazobenzene is inactive®. The 
use of phenylhydrazine or its salts to assist the preparation of rubber solutions 
is well known®:* but because of the toxic effects these agents have been 
replaced by other less toxic or nontoxic compounds. The process is essentially 
an oxidation since oxygen is necessary for the reaction™ and it has been sug- 
gested that the phenylhydrazine combines with the oxidation products and so 
accelerates oxidation. 

Imoto, Kiriyama and coworkers have studied the kinetics of the reaction 
between natural rubber and polybutadiene and bis-azoisobutyronitrile in 
benzene solution at 30° to 60° C®*. When the ratio of bis-azoisobutyronitrile 
to rubber is low the reaction is accelerated by heat but when the ratio is high, 
increase of temperature reduces the viscosity lowering. These authors 
proposed a kinetic theory in which two simultaneous reactions lead to dissoci- 
ation and combinations of the rubber chain, and the following equation was 
used to describe the over-all reaction :— 


1 


1 


where M, and M, are the molecular weights of the rubber at times o and ¢, 
respectively, Jo is the initial concentration of bis-azoisobutyronitrile and K, 
and K, are the rate constants for the decomposition and recombination 
reactions, respectively. Temperature has a much greater effect on K,; than 
on K:2; furfurylamine also effects these rate constants. The observed effects 
could also be due to the competition between degradation and crosslinking 
reactions. Furukawa and coworkers® have also studied the reaction between 
rubber and bis-azoisobutyronitrile and find that the amount of rubber de- 
composed by a definite amount of chemical agent is constant and independent 


‘ 
‘ 
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of the concentration of the rubber solution. The velocity of the reaction is 
almost the same in air as in oxygen and the activation energy for the reaction 
is 32 keal per mole which is nearly equal to the activation energy for the 
decomposition of the nitrile. 

It is now well established that free radicals such as those from alkyl phenyl 
triazines or bis-azoisobutyronitrile”, can cause cleavage of the polymer chains 
in natural and synthetic rubbers in the absence of oxygen. 

Redox systems.—Redox systems of hydroperoxides and reducing agents 
cause structurizing of SBR solutions in hydrocarbon solvents. A typical 
system which can be used is composed of benzoyl peroxide, benzoin and ferric 
naphthenate. Oxygen represses the process and causes degradation of the 
rubber”. The system H2O2/ferric naphthenate/oxygen causes degradation of 
polybutadiene at room temperature” and it is suggested that other redox 
systems produce hydrogen peroxide and it is the breakdown of this in the 
presence of oxygen which initiate degradation. Thiokol and polyisobutylene 
rubbers are also degraded by redox systems”. 


SUMMARY 


It is clear that the subject of polymer degradation by chemical agents is 
an active branch of polymer chemistry. This is reflected in the large number 
of patents applying to polymer degradation and no attempt has been made to 
include every appropriate patent. Much of the comparative work is based 
on equal weights, rather than equal numbers of molecules, so that the true 
comparisons of the efficiency of peptizers are often difficult. It has been 
shown that polymer degradation can proceed via several mechanisms all of 
which involve free radicals and the main points can be summarized as follows :— 

In solutions at low temperatures the initiatory free radicals come from the 
added peptizer such as benzoyl peroxide or bis-azoisobutyronitrile. Although 
oxygen accelerates the reaction, it is not essential, and there is appreciable 
degradation in the absence of oxygen. Thiols are active only when oxygen is 
present even at high temperature”. This is somewhat surprising, since the 
rubber radicals produced by thermal scission should be just as active as those 
produced by mastication and be capable of reaction with thiols, and serves to 
emphasize the importance of the role of oxygen in peptization by thiols and 
disulfides. Oxygen is also necessary for degradation by redox systems and in 
its absence structurizing takes place. The lack of work on triphenyl methane 
derivatives is somewhat surprising in view of the ease with which they undergo 
homolysis to give free radicals. However, it is not sufficient to introduce 
any type of free radical and expect degradation: stabilized free radicals are 
the best peptizers, unstable radicals can add to olefinic bonds and cause 
crosslinking rather than chain scission. 

Squalene has been used as a model compound for the study of the reactions 
of natural rubber with free radicals®'* in a similar manner to the use of 
methylcyclohexene as a model compound for oxidation studies. 

This review forms part of a dissertation submitted in partial fulfillment of 
the requirements for the London University M.Sc. (External) Examination. 
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OZONE AIR VELOCITY FACTOR IN OZONE 
CRACKING* 


I. C. CueeTHaM AND W. A. GuRNEY 


Dun top Reszarcn Center, Binmincuam, ENGLAND 


INTRODUCTION 


Many publications have enumerated factors influencing the ozone cracking 
of rubber. These have been notably stress, ozone concentration, temperature 
and light intensity. However, several observers have noted that rubber 
appears to crack more readily on windy days but as yet no detailed evidence 
has been published on the magnitude of this effect. Buist' has regarded the 
effect as being due to increase in ozone concentration as a result of a purely 
meteorological effect dominated by the prevailing winds. 

Investigations here on atmospheric ozone have shown that natural rubber 
cracking was considerably reduced on very calm days and furthermore proved 
that this was not necessarily associated with low ozone concentrations. 
Experiments carried out using small wind chambers revealed the ozone-air 
velocity to be a factor of paramount importance in the cracking of rubber. 

In many ozone testing chambers described in the literature careful controls 
on ozone concentration, temperature and light intensity are detailed but often 
the ozone-air velocity over the samples is virtuallyignored—‘adequate 
circulation” appearing as the prevalent phraseology. In these laboratories a 
testing unit has been working for a considerable time which was based on an 
understanding of the relevant influencing factors, particularly the ozone air 
velocity. Veith? has published brief details of similar work and outlined the 
design of the Goodrich ozone chamber which, in principle, is not unlike the 
Dunlop apparatus. However, even now considerable confusion still seems 
to exist amongst results from various testing laboratories due, it is considered, 
to a lack of appreciation of the importance of the ozone air velocity in the 
cracking of rubber. This paper outlines some of the investigations carried out 
in these laboratories and offers results which clearly demonstrate the critical 
importance of this air speed factor. 


EXPERIMENTAL PROCEDURE 


The stress relaxation in a standard rubber thread was used as a parameter 
on which to base the extent of ozone cracking. A Goodrich ozonometer’ was 
used extensively since it proved to be convenient and rapid in operation. 

During routine measurements of atmospheric ozone concentrations, it was 
noticed that reduction in windspeed resulted in reduction in cracking rates of 
the ozonometer thread. The same effect could be obtained simply by reducing 
air movement round the instrument by suitable shielding. In view of these 
findings a small U-shaped perspex wind tunnel was constructed through which 


* Reprinted from the Transactions of the Institution of the Rubber Industry, Vol. 37, pp. 35-42 (1961). 
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atmospheric air could be drawn at various rates. The ozonometer deflection 
was plotted against the windspeed for similar concentrations of ozone in the 
atmosphere. The results are shown in Figure 1. Although very variable, as 
may be expected at such low concentrations, the results do show a dependence 
on windspeed. Consequently it was decided to repeat the experiments with 
artificially produced ozone at much higher and more closely controlled 
concentrations. 


Apparent ozone concentration (p.p.h.m.) 


0 25 50 75 100 125 
Windspeed (cm/sec. ) 


Fia. 1.—Goodrich ter. Relation between apparent ozone concentration and windspeed. 


The higher concentration experiments were carried out in a small cylindrical 
ozone chamber modelled from } in. thick ‘‘perspex’’ with a variable speed fan 
mounted coaxially with the cylinder. Airspeeds up to 350 cm per second 
were attainable. Ozone production was by silent discharge and estimation 
was carried out by a KI-iodine absorption train method. The ozone air inflow 
was maintained at 750 liters per hour throughout the experiments and the 
velocity of this atmosphere over the rubber thread was measured by means 
of a Metrovick “Velometer.” 

Rate of ozonometer deflection was investigated as a function of :— 


(i) Ozone concentration at constant ozone air velocity. 


(ii) Ozone air velocity at constant ozone concentration. 
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Rate of deflection (°/min.) 
a 


0 100 200 
Ozone concentration (O,) (p.p.h.m.) 


Fic. 2.—Relation between ozonometer deflection and time at constant ozone-air velocity. 


Ozonometer deflection (°) 


V refers to input (Variac) voltage to 
H.T. transformer 


6 8 10 12 
Time (mins.) 


Fia. 3.—Relation between rate of ozonometer deflection and ozone concentration. 
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RESULTS 


Figure 2 shows typical ozonometer deflection-time graphs for various ozone 
concentrations at constant ozone air velocity. Good straight lines were 
obtained and their gradients, when plotted against ozone concentrations, also 
gave a linear relationship (Figure 3). 

Figure 4 shows the effect of altering the ozone air velocity over the 
ozonometer thread. The ozone concentration was kept constant at 95 pphm 
as estimated by KI-iodine titration. It will be seen that lowering the ozone 


i (varying ozone air velocity) 


35 


o 


8 
> 20 
re) 


Time (mins.) 


Fic. 4.—Relation bet ter deflection and time (varying ozone air velocity). 


air velocity produces the same effects as lowering the concentration, i.e., the 
line gradients decrease with decreasing velocity. Figure 5 shows this very 
clearly. 


DISCUSSION 
Since the ozonometer deflection is proportional to the rate of stress relaxation 
in the rubber thread, graphs 3 and 5 may be represented as: 


(3) = f1(03) at const. v 


(5) = f2(v) at const. O; 
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stress 

time 

ozone concentration 

velocity of ozone air atmosphere 


where s 
t 

03 

v 


Thus the ozone concentration O; may be related to the velocity v:— 


ds 


Oz = fs(v) at const. it 


Hence the apparent ozone concentration, i.e., that which is operative in 
attack of the rubber, will depend to a certain extent on the ozone air velocity. 


uw 


Each point represents the gradient of an 
ozonometer graph of 10 pts. 
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Fic. 5.—Relation between rate of ter deflection and ozone air velocity. 


Only at the higher values of » (where ds/dt reached saturation) does the ozone 
attack appear to be commensurate with the true concentration. (It is assumed 
that the concentration determined by the KI-iodine method yields a true 
estimate although, even here, there are many objections.) 

The reaction time for the ozonization of the double bond appears to be 
very rapid and thus since in these experiments only 1 ozone molecule occurs 
(on average) in every 10° of air it is not surprising that at low values of v the 
double bonds eligible for reaction* far outnumber the ozone molecules present 
within reaction distance. Although a large number of ozone molecules are 
present in the chamber atmosphere, their probability of reaction is greatly 
reduced at low values of v. As v increases the probability of positioning the 
ozone molecule within the sphere of influence of the eligible double bonds also 
increases. Saturation occurs when the rate of “laying bare” of double bonds 
(by stress factors, permeability and exposure of substrate) just balances the 
rate of introduction of ozone molecules to within the reaction distance. 
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The consequence of these effects introduces the concept of an effective ozone 
concentration. Below the saturation value of v, the ozone concentration as 
estimated by the KI-iodine method will differ from that concentration ap- 
parently operative in the ozone-rubber reaction. Figure 6 shows the difference 
between effective and true concentration. The graphs are the voltage-ozone 
calibration curves for a silent discharge tube; the solid line as determined by 
the KI method and the broken lines those obtained with the ozonometer and 
the Goodrich calibration. If there are no discrepancies between this KI 
method and that used by Goodrich, one can only presume that the ozonometer 
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Fic. 6.—Voltage-ozone calibration curves for silent discharge tube. 


was calibrated in a chamber with rapid ozone air circulation. The small 
chamber used in the experiments here was not capable of reaching the saturation 
limit of ozone air velocity, but it is believed that had this have been achieved 
then the ozonometer and KI graphs would have shown good agreement. 

In Figure 7 a line of constant rate of stress relaxation has been deduced 
from the experimental curves. This shows clearly that a constant rate of 
ozone attack on natural rubber may be achieved by selecting abscissas and 
ordinates relevant to points on the line. Two examples are illustrated; point 
A, 200 pphm 0O; at 50 cm per second, and point B, 100 pphm O; at 350 cm per 
second. Hence two ozone testing chambers working under conditions (A) 
and conditions (B) respectively will yield the same cracking results (for 
natural rubber), although their working concentrations differ by 100 pphm. 
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8 


8 


Ozone concentration (p.p.h.m.) 


-------- 


1 4. 
200 300 500 
Ozone velocity (v ) cm/sec. 


Fie. 7.—Ozone concentration, air ozone conditions for constant rate of stress relaxation in natural rubber. 


Before enumerating the conclusions from this work it must be pointed out 
that natural rubber was used throughout the experiments. This was so 
because the standard threads supplied with the ozonometer were of this 
polymer only and the production of threads of other polymers was not 
convenient at the time. Nevertheless, although one polymer only was used 
and the results are not as extensive as they might be, it is felt that the 
conclusions will apply to ozone testing in general. 


CONCLUSIONS 


Ozone air velocity is an important factor in ozone cracking. It can account 
for :— 


(i) some of the confusion amongst results from different ozone testing 
stations; 
(ii) poor correlation between ozone estimations by chemical means and 
those carried out by means of the cracking of rubber; 
(iii) the reduction of atmospheric cracking on very calm days. 


An appreciation of this ozone air velocity factor may help in the 
standardization of ozone testing procedure 


SUMMARY 


Investigations based on the stress relaxation of natural rubber in ozonized 
atmospheres have produced relationships between cracking, ozone concentra- 
tion and ozone air velocity. It is shown that at low ozone air velocities the 
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rate of cracking is critically dependent upon the air speed value. The 
occurrence of discrepancies arising between results from testing chambers 
operating under identical conditions of concentration, temperature and light 
intensity is demonstrated at the end of the paper. 

A brief mention of similar work has been published but it is felt that more 
detail may help in the standardization of ozone testing procedure. 
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DETERMINATION OF LATEX PARTICLE SIZE DISTRI- 
BUTIONS BY FRACTIONAL CREAMING WITH 
SOLIUM ALGINATE 


E. Scumipt anp P. H. Brippison 


CHEMICAL AND PuysicaL Research LABORATORIES 
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This paper appearing on pages 433-445 in the April-June issue contains an 
error on page 439. The expression at the bottom of the page for calculating 
mass fraction in the ith group should read: 
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ANDERBILT LABORATORY 
Located in East Norwalk, Connecticut. 


THE 


... Maintained as a development 
and technical service center in 
the interest of our customers and 
their efficient use of Vanderbilt 
materials for Dry Rubber, Latex 
and Plastics Compounding. 


THIATE® E 
Accelerator for Neoprene 


Developed by Vanderbilt research, and manu- 
factured in our Bethel, Conn. plant. 


The active ingredient in this free flowing, 
easy dispersing powder is trimethy! thiourea. 


Write or contact your Vanderbilt technical 
representative for samples and use data. 


VANDERBILT CO., INC 


230 Park Avenue, New York 17,N.Yo 
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NEW PUSH-BUTTON ACCURACY FOR TENSILE TESTING! 


Test high and low elongation, tear strength, and other physical qualities 
of your rubber products on the versatile Scott Model CRE Constant- 
Rate-of-Extension electronic tester. New push-button controls make 
rubber testing a simple, accurate operation . .. offer greater-than-ever 
operating convenience and testing economies. Ultra-precise electronic 
weighing system provides an infinite variety of crosshead speeds... 
wide selection of test load ranges to 1000 Ibs. . . . instant response to 
rapidly fi ig loads. A gauge Pp ion also provides 
direct-in-psi readings for testing elastomeric stress. 

The ratio of crosshead speed to recorder chart speed is adjustable 
over a wide range, giving ample magnification for practically all mate- 
rials. Elastomer pipping circuit provides manually-controlled repre- 
sentation of visually-observed specimen elongation. A new Scott 
clamp-locking assembly also reduces clamp-changing time to a matter 
of seconds! The Model CRE makes use of all Scott clamps and fixtures 
to meet ASTM, ISO, government and rubber industry test methods. 


STERS 


PUSH-BUTTON AUTOMATION FOR VISCOSITY TESTING! 


Determine viscosity, scorch and cure characteristics of rubber and 
other elastomers with the new, improved Scott Model STI Mooney 
Viscometer plus Viscosity and Temperature Recorders. Fingertip, 
pneumatic-powered controls close two-part sample area uniformly 
— without effort or adjustments. Precise temperature control within 
+'°F. at any set temperature to 450°F. Fast-setting spring adjust- 
ment saves time, facilitates calibration. New fully-enclosed gear box 
assures steady readings... easier maintenance, fewer repairs, less 
downtime. Scott Shearing Disc Viscometers — and only Scott — are 
universally accepted as meeting requirements of ASTM Designation 
D1646 (formerly D927 and D1077) and ISO/TC45 Proposals 411 
and 440. 


QUICK-CHANGE SCOTT CLAMPS AND FIXTURES 
Z-1 CLAMP FOR TENSILE TESTING 


closing clamp developed 
Service, U.S.A. for testing gum and soft stocks. 
Roll is %* in diameter and 144” in length. 


LORD ADHESION FIXTURE 


Designed by the Lord Manufacturing Co., Erie, 
Pa., for evaluating ‘metal 
strength. Adi 


on a nylon bearing to insure positi 
during strij I” wide 
Meets A: hod of Test D-429. 


RING TEST SPOOLS 


This Scott clamp is used for testing ring-shaped 
and loops of rubber thread on 
— Spools are ball-bearing mounted 
with — 

hy as strain is applied, even tension 
‘on both sides of loop or ring. Capacity 150 Ibe, 


WRITE FOR COMPLETE DETAILS ON MODEL CRE... MODEL STI... SCOTT CLAMPS 


SCOTT TESTERS 


SCOTT TESTERS, INC. THE SURE TEST...SCOTTD 
102 Biackstone Street 
Providence, Rhode Island 
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On-the-job literature for Rubber Men 


The industry’s outstanding technical journal covering 
the manufacture of rubber and rubberlike plastics 


products. 
RUBBER 
30 


Single copies (up to 3 months) 50¢ 
Single copies (over 3 months) 75¢ 


RUBBER Contains complete lists of rubber manufacturers and 
suppliers of materials, chemicals, equipment, services, 


RED BOOK Sisco pcr copy, domestic; $1500, oversea 


The “pharmacopeia” for rubber—providing all the rub- 
ber compounds published in technical journals and sup- 


THE RUBBER pliers’ releases. Each compound on a separate card 
with marginal indexes for various physical properties, 
FORMUL ARY type of hydrocarbon, etc. A simple mechanical sys- 
tem permits you to select compounds keyed to any 
property. Issued monthly. Back issues available. 
PRICE: $95.00 per year. 


A Starter Set on The Rubber Formulary is also now 
available. It contains 2365 rubber compounds selected 
STARTER from the more than 9100 published in the Formulary 
in the years 1948 through 1957, inclusive. The formu- 
SET las are presorted by polymer and then further sub- 
divided for the convenience of the compounder. 
PRICE: $250.00 per set. 


The first and only magazine to provide urgently 
needed information about the chemistry, manufacture, 


ADHESIVES use and application of adhesives. News of new prod- 
ucts, new techniques, new methods and new materials 
AGE —all offering opportunities for growth, expansion, 
sales and profits. Easy to read... to use... prac- 


tical . . . filled with useful ideas you can put to work. 
Subscriptions: $5.00 per year, domestic ; $6.00 overseas. 


PALMERTON PUBLISHING CO., INC. 
101 West 31st St., New York 1, N. Y. 
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Laboratory Reagents 


Fast Service . . Glassware, Thermometers, 
Hydrometers and Microscopes. 


JE 5-5175 
Laboratory 
Design Service | 


Complete Laboratory Design Service . . . Fume 
Hoods, Lab Tables, Microscope Tables, etc. 


JE 5-5175 
C.PHall G 


AKRON CHICAGO MEMPHIS MANUFACTURERS 
LOS ANGELES NEWARK 


DEPOLYMERIZED RUBBER 


NATURAL’CRUDE RUBBER IN 
LIQUID FORM —100% SOLIDS 


Available in HIGH and LOW VISCOSITIES 


py CORTLANDT STREET 
BELLEVILLE 9, N. J. 


, 
® 
| 
if 
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Enjay Butyl withstands all the com- 
mon foes of electrical insulation—heat, 
water, corona, ozone, sun, weather, and 
high-voltage discharge. Because of its 
exceptional heat resistance, Butyl-in- 
sulated cable lets you carry a higher 
current with a given conductor size. 
Water absorption of Butyl insulation 
at 90°C is only about one-sixth that of 
conventional compounds, making it 
ideal for underground and underwater 
applications. 

Butyl’s high dielectric strength pre- 
vents excessive loss (with its resultant 


cable deterioration and increase in 
transmission cost); also guards against 
breakdowns due to surge currents. 
These characteristics have made Enjay 
Butyl the preferred rubber for insula- 
tion of power cable, transformers and 
busbars. Coupled with outstanding 
abrasion resistance, these same char- 
acteristics point the way toward in- 
creased use of Butyl as a jacketing 
material. 

For more information, write to 
Enjay, 15 West 51st Street, New York 
19, New York. 


EXCITING NEW PRODUCTS THROUGH PETRO-CHEMISTRY 


ENJAY CHEMICAL COMPANY 


A DIVISION OF HUMBLE OIL & REFINING COMPANY 


ohandie electricity 
| (Ensay) 
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it's 

to 

your 
advantage 
to 

have 


COMPOUNDING INGREDIENTS FOR RUBBER 


The only book of its kind with complete in- 
formation and listing. Over 3,000 different 
items with their composition, properties, 
compounding purposes and functions. It 
is your answer to mixing, production, and 
source problems. 


RUBBER WORLD few YORK 17, NEW YORK 


VULCANIZED VEGETABLE OILS 
RUBBER SUBSTITUTES « 


HARWICK STANDARD CHEMICAL CO. 


Akron — Boston — Trenton — Chicage — Denver — Pico Rivera (Cal.) — 
Albertville (Ala.) — Greenville (S. C.) 


R BEY 
SINCE % 
1903 
REPRESENTED BY 
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OUTSTANDING 


PRODUCTS 
WHITETEX 


bright pigment for 


A new white and 
rubber or plastics, 


rubber, synthetic 


A proved pigment for 
types of natural and 


tried and proved product 
bber and 


No. 33 CLAY 


For wire and vinyl compounding 


For full details, write our 
Technical Service Dept. 


33 RECTOR STREET, N 
EW YORK 6, N.Y. 
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AVAILABLE FROM THE TREASURER 


DIVISION OF RUBBER CHEMISTRY 
AMERICAN CHEMICAL SOCIETY 


“Introduction to Rubber Technology” by Maurice Morton 
$7.00 per copy to Members and Associates only. All 
others (including subscribers ) may purchase direct from 
Reinhold Publishing Corp., 430 Park Avenue, New York. 


Proceeding of International Rubber Conference, 1959. 
$10.00 for Members and Associates only. All others 
(including subscribers ) $12.50 per copy. 


Back issues of Rubber Chemistry and Technology are 
also available, at prices ranging from $2.00 per copy to 
$8.00 per copy. 


Donations of certain issues in short supply, to the Division, would 
be appreciated. These are Vol. No. 1 (1928), Vol. XXX, No. 3 
(1957) and Vol. XXXII, No. 1 (1960). 


Checks payable to the Division of Rubber Chemistry, A. C. S., 
should accompany the order and be sent to: 


D. F. Behney 

c/o Harwick Standard Chemical Co. 
60 South Seiberling Street 

Akron 5, Ohio 


z= 
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CARBON BLACKS 


Very low grit, high reinforcement 


¥ 
Very low grit, easy processing | 
Polyfil C, X* and F* 
Fine particle, light color, 
water fractionated 
“also oveilable in sproy-dried form 


RUBBER CHEMICALS 


Turgum S$, Turgum $B 
Natac 


J. M. HUBER CORPORATION 


630 Third Avenue, New York 17, N. Y, 


a 
27 
Medium Processing Channel Black pee 
Modulex HMF 
High Modulus Furnace Black ' 
Aromex CF 4 a 
Conductive Furnace Black ? El 
Aromex ISAF 
CLAYS 
White Color a 
] 
| 
Resin-Acid Softeners 
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RUBBER CHEMISTRY AND TECHNOLOGY 
IS SUPPORTED BY ADVERTISING 
FROM THESE LEADING SUPPLIERS 


INDEX TO ADVERTISERS 


American Cyanamid Company, Rubber Chemicals Division 15 
American Zinc Sales Company 

Cabot Corporation 

Carter Bell Mfg. Company, The 

Columbian Carbon Company 

DPR, Incorporated 

DuPont, E. I., Elastomer Chemicals Department (Chemicals) 
Eastman Chemical Products, Inc 

Enjay Chemical Company 

General Tire & Rubber Company, Chemical Division 
Goodrich, B. F., Chemical Company 

Goodrich-Gulf Chemicals, Inc 

Goodyear Tire & Rubber Company, Chemical Division. . . . 
Hall, C. P., Company, The 

Harwick Standard Chemicals 

Huber, J. M., Company 


Naugatuck Chemical Division (U. 8. Rubber Company) 
Rubber Chemicals 


New Jersey Zinc Company, The (Outside Back Cover) 
Ozone Research & Equipment Corporation 


Phillips Chemical Company (Philblack) 
(Opposite Inside Front Cover) 


Phillips Chemical Company (Philprene) 
Rubber Age 

Rubber World 

St. Joseph Lead Company 

Scott Testers, Inc 

Shell Chemical Company 

Southern Clays 

United Carbon Company 

Vanderbilt, R. T., Company 


PAGE 
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Now You Can Greatly Increase Warehouse | 


at No Increase in Cost Wii 
AZODOX... High Zine Oxides 


AZODOX stores in much less space 
than other zinc oxides. That's be- 
cause you get many more pounds of 
AZODOX per cubic foot of pigment— 
up to 62 Ibs. per cubic foot! Save val- 
uable space for other purposes 
with every ton of AZODOX you buy. 


In the manufacture of AZODOX, an 
exclusive process removes excess, 
space-wasting air from between indi- 
vidual particles of zinc oxide. Actual 
pigment density and every other de- 
sirable property remain unchanged. 
High apparent density AZODOX flows 
freely yet dusts less, incorporates 
fast and disperses thoroughly. 


 Close-Packed, 
Unitized Shipments 


AZODOxX is available in the following 
grades at no additional cost over con- 
ventional zinc oxides: 


Fast 
Fast 
Medium 


For technical data, fill in and mail this coupon. 


American Zinc Sales Company 
1515 Paul Brown Bidg. 
St. Louis 1, Mo. 


Please send me technical information about 
AZODOX-44 AZODOX-55-TT 
0 AZODOX-55 0 AZODOX-550 
O 15 types of AZO brand zinc oxides 
Namé.... 


merican 


ine sales co. 


Distributors for 
AMERICAN ZINC, LEAD AND SMELTING CO. 
Columbus, Ohio « Chicago « St. Louis « New York 


: 
AZODOX-44 
(Conventional) High 
AZODOX-55 
(Conventional) High 
AZODOX-55-TT 
(Surface T High a 
AZODOX-550 
(Conventional) High 
Ge 
| 
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ZINC OXIDES 
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“‘Controlled-Analysis" 


For The 


RUBBER INDUSTRY 


RUBBER 


BLACK LABEL No. 20 
Very fine particle size, giving maximum reinforce- 
activation in rubber. 


SLOW CUR 
RED LABEL No. 31 

Slow curing type for long flat cures and excellent 

i Good activating and reinforci 


Direct Reporting On Boaird-Atomic Spectrometer 


GREEN LABEL No. 42 


GREEN LABEL No. 42A-3 
No. 31 for easier incorp 


general characteristics. 
JBBER GRADE 
BLACK LABEL No. 20-21 
GREEN LABEL No. 42-21 
These grades are made from Black Label No. 20 


and Green Label No. 42, surface 
ing with a nontoxic hydrophobic high ‘molecular weight 


organic material. They disperse in o rubber mix rapidly 
end thoroughly, developing in 
treat- d rubber dard Black 

No. 20 and Green Label No. “2. 


BLACK LABEL No. 20 GREEN LABEL No. 46 

Very fine particle size, giving minimum Low pH type used in foam lotex where zinc oxide 
out in water dispersions and maximum activation is used for both activation ond os a supplementary 
GREEN LABEL No. 12 RED LABEL No. 30 

Heavily-caicined Black Label No. 20 type, Intermediate particle size, having fewer extremely 
taining few extremely fine particles. Less reactive fine porticles than Block Label No. 20. Less reactive 
Black Label No. 20 and produces low viscosity than Black Lobel No. 20, producing lower viscosity 

\ water dispersions which do not readily thicken. 


Weite for the nome of the St. Joe distributor nearest you. 


ST. JOSEPH LEAD co. 


250 Park Avenue N.Y. 
Plant & | 


30 
| 
RUBBER GRADE FAST CURING TYPES “= 
_ 4 General purpose type. Excellent activating and 
moderate reinforcing properties. Faster rate of incor- 
\ rubber goods. poration into rubber than Black Label No. 20 or Red 
RED LABEL No. 30 
Excellent reinforcing and activating properties in GREEN LABEL No. 43 
tubber. Having fewer extremely fine particles, it is 
= easier to incorporate than Black Label No. 20. 
in 
: 
| 
: GREEN LABEL No. 43 
Medium particle size for easy wetting. In pellet 
form this grade is particularly odvantogeous in pre- 
paring povrable 70% zinc oxide water dispersions. 
AKROK, 0. cone. LONG ISLAND CITY, Mey. ST. Mo. 
BOSTON HOUSTON, TEX. OKLAHOMA CITY, OKLA. FRANCISCO, CAL. 
BUFFALO, ¥. HUNTINGTON, VA. OMAHA, WASH. 
ty CHICAGO. ILLINOIS JACKSONVILLE, FLA. Pat J. 
CINCINNATI, 0. KANSAS CITY, ‘MO. PATTSBURGH AREA, TULSA, OLA. 
DALLAS, Tex LITTLE ROCK, ARK PORTLAND, ORE. KAN. 


In redients | 
RUBBER and PLASTICS 

COMPOUNDING 


COLORS: 


@ STAN-TONE® PE 
POLYETHYLENE CONCENTRATES 
@ STAN-TONE MB 
(Rubber Masterbatch) 
@ STAN-TONE PEP 
(Polyester Paste) 
@ STAN-TONE DRY COLORS 


@ STAN-TONE PC PASTE 
(Pigment in Plasticizer) 


Dependable uniformity FILLERS SOFTENERS 


in compounding mate- 


cial means certointy 


and production runs. i 


You con rely on con- # *RESINS: 


sistent quality with 
Harwick Standard ma- PICCO 
terials. @ PICCOPALE 

@ PICCOLASTIC 
@ PICCOLYTE 


For technical - 

sistence in difficult @ PICCOFLEX 
compounding problems, @ PICCOTEX 
ite @ RESINEX® 

@ PICCODIENE 


Resins Mfgd. by Pennsyloania Industrial Chemical Corporation 


i QHARWICK STANDARD CHEMICAL Co. 
SOWTH SEIBERLING STREET, AKRON“S. OHIO 


ALBERTVILLE, ALA. BOSTON 16, MASS. CHICAGO 46, ILLINOIS GREENVILLE S.C. PICO RIVERA, CALIF. TRENTON 9, Ns. 
OLD GUNTERSVILLE HWY. 661 BOYLSTON ST. 5717 ELSTON AVE. NOTTINGHAM 8D. 7225 PARAMOUNT BLVD. 25995 STATE ST. 


| 
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HORSE HEAD’ 


HORSE HEAD AMERICAN PROCESS 
ZINC OXIDES — Derived from Zine Ore 


XxX4 Tires, tubes, mechanicals, footwear; highest thermal conductivity. 
XX-178 Cure rate approaches 


M0 XX-203 White rubber compounds, especially white sidewalls. 
mixing, better dispersion 
PROTOX-166 | Sines foctwent, later, wire, otc 


ixing, better dispersion than XX-4. 
PROTOX-167 | ures, tives, insulated wire, etc. 


HORSE HEAD FRENCH PROCESS 
ZINC OXIDES — Derived from Zine Metal 


id activation. Latex, mechanicals, 


f White KADOX-72 surface aren, cotter but less than KADOX-15. 
0 KADOX-215 
(pelleted) 


Developed specifically for aqueous dispersions for the latex industry 


nts PROTOX-169 talsing, than KADOX-15. 
PROTOX-268 | Free: 
(pelleted) Uses: 


-d low bulk for 
HORSE HEAD TITANIUM DIOXIDES 


type. For goneral ose latex and dry rubber 


R-750 (°°) | Usesin rubber are of R- it furnishes 


THE NEW JERSEY ZINC COMPANY 
160 Front Street New York 38, N.Y. 


| 
| 
{ 
_| 
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